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ABSTRACT

Triple cannulation extracorporeal membrane oxygenation (ECMO) provides advanced life support to patients with respiratory and
hemodynamic failure by replacing the function of the heart and lungs. The application of triple cannulation ECMO suffers from the difficulty in
predicting the flow rate ratios of the cannulas. We address this difficulty by proposing a hydraulic model, where the effects of the triple
cannulation are modeled by head losses in a bifurcated tube. The proposed model correctly predicts the flow rate ratios and quantitatively
captures the effects of geometrical parameters. This model can help to configure the cannula pair for clinical practices and interventional therapy.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0088186

The investigation of the flow rate ratio in this Letter is motivated
by the advanced application of extracorporeal membrane oxygenation
(ECMO). ECMO is an extracorporeal machine that replaces the func-
tion of the heart and/or lungs of a patient to provide life support
through cannulas (plastic tubes)." ECMO is conventionally used with
dual cannulation (cannulation of two large vessels) in which ECMO
pumps the deoxygenated blood from a vein to an artificial lung
through a cannula and sends the oxygenated blood back into a vein
(V-V ECMO) or an artery (V-A ECMO) through another cannula.”
According to the report of Extracorporeal Life Support Organization,
ECMO has successfully helped 58% of the registry to hospital dis-
charge during 1989-2016." ECMO also successfully supports the
patients with coronavirus disease 2019 (COVID-19).*

Recently, a new hybrid cannulation is proposed by adding a third
cannula to an existing V-V or V-A ECMO.” This new hybrid cannula-
tion is termed as the triple cannulation, which represents a novel and
complex form of mechanical support.” The triple cannulation ECMO
has been shown to be a feasible technique in treating patients with
combined respiratory and hemodynamic failure.” Given that the triple
cannulation is featured by a bifurcated tube that connects three vessels,
the two branches of the bifurcated tube should be carefully configured
to obtain the desired flow rates into the venous and arterial cannulas,
respectively.”

Despite the increasing clinical use of the triple cannulation
ECMO, there are a few model to predict the flow rates in the two
branches of the bifurcated tube. Belliato et al.® carried out the first
experiment based on a physical ex vivo proxy of the triple cannulation
ECMO without throttle valve, which helps to avoid hemolysis.” They
proposed a computational spreadsheet based on the experimental data
to predict the flow rates. The prediction of the flow rates helps to con-
figure the cannula pair for clinical practices and interventional therapy.
However, the prediction of the flow rates in the two branches of a
bifurcated tube is not trivial, since the flow in a tube depends on both
geometrical parameters, such as curvature and cross section area,” "’
and fluid dynamic parameters, such as Reynolds number and bound-
ary condition."” ' Particularly, it is of great challenge to evaluate the
effects of geometrical parameters on the flow rates. Although the flows
in the bifurcated tube have been successfully investigated by using dif-
ferent models for the biological® ' and mechanical'®'” systems, we
have not found any theoretical model taking into account of the geo-
metrical and physical features of the triple cannulation ECMO.

In this Letter, we propose a theoretical model for the triple can-
nulation ECMO. The proposed model is constructed based on the
hydraulic theory, and it can compute the flow rates in the two
branches of the bifurcated tube. The theoretical model employees the
physical ex vivo proxy of Belliato et al.,” which reflects the geometrical
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features of the triple cannulation ECMO. We model the effects of the
geometrical features, such as bifurcation, bendiness, and contraction
of the tube, by the head losses (specific energy losses divided by the
gravity acceleration) in the tube, in a similar way in constructing the
reduced-order model for the cardiovascular system.”’ ** Therefore,
the proposed model can also evaluate the effects of geometrical param-
eters on the flow rates.

The schematic of the physical ex vivo proxy of the triple cannula-
tion ECMO?® is shown in Fig. 1. The flow from the oxygenator to can-
nulas is modeled as a bifurcated tube with two branches. We refer the
two branches as the arterial branch and venous branch, since they con-
nect to an artery and a vein, respectively. The arterial branch consists
of an arterial pipe (the part of tube outside of the body) and an arterial
cannula (the part of the tube to be inserted into the body). The length
and inner diameter of the arterial pipe are Ly, and D,p, respectively.
The length and inner diameter of the arterial cannula are L,. and D,,
respectively. Hereinafter, we use the subscripts “p” and “c” to denote
the variables associated with pipe and cannula, respectively, and use
the subscripts “a” and “v” to represent the variables associated with the
arterial branch and venous branch, respectively. The arterial pipe and
arterial cannula are connected by an arterial tapered tube with an angle
of Oy. The venous branch consists of a venous pipe with a length of
Ly, and an inner diameter of D, and a venous cannula with a length
of Ly and an inner diameter of D,.. The venous pipe and venous can-
nula are connected by a venous tapered tube with an angle of 0. The
two branches are connected to a Y-connector with the inner diameter
of Dy, and length of Li,. We set D, = D,, = Dy, in the current work
according to the setups of Belliato et al.” The angle between the trunk
pipe and the branch is 0y,. The bendiness of each branch is modeled by
elbows with different angles 0,e1, 0,2, and 0y according to the dia-
gram of Belliato ef al.° The pressure difference between the outlets of
the two branches is given by the height difference H, according to the
setups of Belliato et al.” More details of the physical ex vivo proxy of
the triple cannulation ECMO can be found in the supplementary
material.

Arterial Tapered tube

Arterial Pipe |
A

+ D, Arterial Outlet
el \ T

Arterial Cannula

ve Venous Cannula

FIG. 1. Schematic of the physical ex vivo proxy of the friple cannulation ECMO
from the oxygenator to cannulas (not to scale).
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We introduce the flow rate ratio (f5,) defined as the ratio of the
flow rate in the venous branch (Q,) to the total flow rate (Q) for the
convenience of discussion, namely, i, = Q,/Q. The flow rates in
the arterial and venous branches can be easily computed by using the
flow rate ratio (f,) and the total flow rate (Qu). We propose a
hydraulic model as follows to compute the flow rate ratio f,:

1 1
W(l - B’ - mﬁi

(hLV + hfv - hLa - hfa p P - Ha)7 (1)
8Qtot pg

where g is the gravity acceleration, hy, and hy, are the total local losses
in arterial and venous branches, respectively. hg, and hy, are the total
friction losses in arterial and venous branches, respectively. p, and py
are the pressure at the outlet of arterial and venous branches, respec-
tively. p is the fluid density.

The hydraulic model Eq. (1) is constructed based on the mass
and energy conservation equations for incompressible flows. The deri-
vation of the model is reported as follows. The mass conservation in
the bifurcated tube can be described as

Qo = va X Ap + Uap X Ap7 (2)
ﬁthot = Uye X Ay = va X Ap7 (3)
(1 - ﬁv)Qtot = Use X Age = Uap X Ap7 (4)

where A, = nDlzj /4 is the cross section area of the arterial and venous
pipes. Uy, and U,, are the average velocity in the arterial and venous
pipes, respectively. A, = nD? /4 and A,. = nD? /4 are the cross sec-
tion areas of the arterial and venous cannulas, respectively. U, and
U, are the average velocity in the arterial and venous cannulas,
respectively. The energy conservation of flows in the bifurcated tube
can be expressed by the general Bernoulli equation for viscous flows,

in UZ v
P Un b Uie g 5)
pg 28 pg 2g
in UZ
LI ac+H + hia + hea, (6)
pg 28 pg 2

where p;, and Ui, are the pressure and velocity at the inlet, respec-
tively. Combining Egs. (2)-(6) gives

_a_'_(l_ﬁv)

tot [)) . Qtot
0 +H, + hpg + hey =2+
08 2gA% pg

h hy, .
2gA‘2,C+ v + Nev

™)

Rearranging the terms in Eq. (7) gives the model of Eq. (1).

Equation (1) is a transcendental equation, since the total friction
losses (hg, and hg,) and total local losses (h1, and hy,) implicitly depend
on the flow rate ratio f3,. For the ex vivo proxy of triple cannulation
ECMO, the total friction losses hg and hg can be decomposed as the
friction losses from pipes (hg, and hgyp) and cannulas (g and hg.),

hg, = hfap + hfau (8)
ht, = hgp + By 9)

The total local losses (h1, and hyy) are given by the summation of the
local losses from bifurcation (hr,, and hyyp), tapered tubes (hp, and
hLvt)> and elbows (hLael 5 h[ae2> and hLve);
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TABLE I. Calculation formula of friction coefficient.
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TABLE lll. Cannula diameters of different cases.

Reynolds number” Theoretical or empirical formula

Re < 2040 ). = 64Re”!
2040 < Re < 3200” /. = 0.0001157Re"73%
3.2 x 10* < Re < 10° ) = 0.3164Re 0-25¢

“The Reynolds number is Re = UD/v, where D is the diameter, U is the average veloc-
ity, and v is the kinematic viscosity of the fluid.

"The expression of the critical region is obtained by fitting the experimental data.”*
“The Blasius empirical correlation for turbulent pipe friction.”*

TABLE II. Calculation formula of local loss coefficient.

Geometry Local loss coefficient
Elbow" ¢, = 0.946sin® " 4 2.05sin*
Bifurcation” =1+ ﬁfwf — 2B; cos ;

0.8sin (0/2)[1 — (D;/D,)*
Tapered tube* &= (0/2)[1 = (Di/Dp)’]

(Di/Dy)*

*0) defines the inside angle of the elbow.””

"The variables f5; and y/; are the flow rate ratio and area ratio of branch to trunk pipe,
respectively. ¢; = 3(n — 0y)/4 is defined from the angle 0.

0 is the contraction angle as shown in Fig. 1. D; is the diameter of cannulas.””

hLa = hLab + hLael + hLan + hLah (10)
hLv = hLVb + hLve + hLvt~ (11)

The friction loss and local loss in each part can be computed by

L 2
=i LU (12)
D 2g
U?
=¢. — 1
hy % (13)

where D is the diameter, U is the average velocity, 4 and ¢ are the fric-
tion coefficient and the local loss coefficient, respectively. These coeffi-
cients can be computed using the theoretical or empirical
formulations from hydraulics in Tables I and IL.

Arterial cannula Venous cannula

Outer Inner Outer Inner
Case diameter” diameter " diameter diameter
A19-V17 19 Fr 5.667 mm 17 Fr 5.000 mm
A19-V19 19 Fr 5.667 mm 19 Fr 5.667 mm
A19-V21 19 Fr 5.667 mm 21 Fr 6.333 mm
A17-V17 17 Fr 5.000 mm 17 Fr 5.000 mm
A17-V19 17 Fr 5.000 mm 19 Fr 5.667 mm
A17-V21 17 Fr 5.000 mm 21 Fr 6.333 mm

“The outer diameter of cannula is usually measured in the unit of Fr, where 1 Fr = 1/3 mm.
The inner diameter is computed by Dy, = Doy — 20, where Dy and O, are the outer
diameter and wall thickness, respectively. The wall thickness is 1 Fr.

We compute the flow rate ratio §, by numerically solving Eq. (1)
using the bisection method for transcendental equations™ with the
given diameters of the cannulas (D,. and Dy.) on the left-hand-side of
Eq. (1) and the flow parameters on the right-hand-side of Eq. (1). Our
source code to numerical solving Eq. (1) is available for free from the
GitHub link reported in the Data Availability statement.

We use the experimental measurements in Belliato et al.” to vali-
date the proposed hydraulic model. We have computed the flow rate
ratios at different total flow rates with six pairs of cannulas as shown
in Table I1I, which ensures that the proposed model not only gives
good prediction to the flow rate ratios but also helps identifying the
dominant parameter that affects the flow rate ratio.

For each pair of cannulas, the flow rate ratio /3, decreases as the
total flow rate Qo increases. The proposed hydraulic model correctly
reflects the variation of the flow rate ratio 5, with the total flow rate
Qo> as shown in Fig. 2. The maximum difference of the flow rate ratio
between the model and the experimental measurements occurs in the
case of A19-V19 at Qi = 5L/min, where the flow rate ratio f, pre-
dicted by the proposed model is 0.53, while that of the experimental
measurement is 0.55. The relative error for this case is about 3.6%. The
average error of the flow rate ratio in all the 36 cases is about 1.3%.

The proposed model can quantitatively capture the geometrical
parameters that affect the flow rate ratio f8,, as shown by a typical
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0.8 | \8 \\ ® Exp-A19-V19 0.8 ‘8 N ® Exp-A17-V19 FIG. 2. Flow rate ratio ﬂv varies with the
- 0.7 i N A A Exp-A19-V21 - 0.7 i b A\»\ A Exp-A17-V21 total flow rate Q. at different pairs of can-
Q| N \‘\A\ Q. | ‘o AL nulas with (a) the arterial cannula diame-
0.6 F 8. T~ 0.6 F S._ . A, ter of 19Fr and (b) the arterial cannula
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2 3 4 5 6 7 2 3 4 5 6 7
0, (L/min) 0, (L/min)

Phys. Fluids 34, 041703 (2022); doi: 10.1063/5.0088186
Published under an exclusive license by AIP Publishing

34, 041703-3


https://scitation.org/journal/phf

Physics of Fluids

LETTER scitation.org/journal/phf

FIG. 3. Head losses in different parts of
the bifurcated tube with A19-V17, (a) the
total friction losses (hy, and hg) and
the total local losses (h.y and h;) and (b)
the friction losses (hr and hgy) along the
cannulas and the friction losses (hy, and
hiap) along the pipe.

Q¢ (L/min)

configuration of cannula pair with A19-V17. Figure 3(a) shows that
the total friction losses (hg, and hg,) and total local losses (hy, and hyy)
increase as the total flow rate increases. While among them, the total
friction losses increase more rapidly than the total local losses. In
all the cases, the sum of the kg, and hg, accounts for more than 81.3%
of the total loss. The results clearly show that the friction loss domi-
nants the total loss in the configuration in this study.

The proposed model can be further used to analyze the friction
loss associated with different parts of the bifurcated tube by referring
to Egs. (8) and (9). The contributions of the friction loss from the pipe
and cannula in each branch are shown in Fig. 3(b). We observe that
both the friction losses associated with the pipe and cannula increase
with the total flow rate. However, the friction loss associated with can-
nula increases more rapidly. The sum of the friction loss in the cannu-
las hg and hg,e accounts for more than 83.0% of the total friction loss
in all the cases in this configuration. The results show that friction loss
is mainly contributed by the cannulas.

In summary, the triple cannulation ECMO is a novel and com-
plex form of mechanical support for patients with combined respira-
tory and hemodynamic failure. The application of this ECMO
technique encounters difficulty in clinical practices and interventional
therapy due to lacking good prediction of the flow rate ratio in the tri-
ple cannulation. We address this difficulty from the viewpoint of fluid
dynamics by proposing a hydraulic model, where the geometrical fea-
tures of the triple cannulation are modeled using the head losses in the
tube. The proposed model is validated by the physical ex vivo proxy of
triple cannulation ECMO.” The flow rate ratios in 36 cases with differ-
ent pairs of cannula configuration and total flow rates were computed
using the proposed model. The results show that the maximum differ-
ence of the flow rate ratios predicted by the proposed model is 3.6%
for all the cases investigated in this work. We show that the friction
loss dominants the total loss in the triple cannulation configuration,
and the friction loss is mainly contributed by the cannulas. The pro-
posed model correctly predicts the flow rate ratios as well as quantita-
tively captures the effects of geometrical parameters on the flow rate
ratios. To the best of the authors’ knowledge, Eq. (1) is the first
hydraulic model for predicting the flow rate ratio of the triple cannula-
tion ECMO. A limitation of the current hydraulic model is that a fixed
height (H,) is used to represent a typical mean pressure difference
between the artery and vein in a shocked patient.“ In clinical scenario,

Q¢ (L/min)

the cardiovascular flow is pulsatile, although the flow in the ECMO is
tuned to be steady to avoid thrombosis.”””” The pulsatile cardiovascu-
lar flow corresponds to a time-dependent height H, (¢) in the hydraulic
model. The effects of pulsatility on the flow rate ratio should be taken
into account in the follow-up work.

SUPPLEMENTARY MATERIAL

See the supplementary material for detailed parameters related to
the physical ex vivo proxy of the triple cannulation ECMO.
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