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Abstract—Oxygenator thrombosis during extracorporeal
membrane oxygenation (ECMO), is a complication that
necessitates component replacement. ECMO centers monitor
clot burden by intermittent measurement of pressure drop
across the oxygenator. An increase in pressure drop at a
preset flow rate suggests an increase in resistance/clot
formation within the oxygenator. This monitoring method
comes with inherent disadvantages such as monitoring gaps,
and increased risk of air embolism and infection. We
explored utilizing flow measurement, which avoids such
risks, as an indicator of ECMO circuit obstructions. The
hypothesis that flow rate through a shunt tube in the circuit
will increase as distal resistances in the circuit increases was
tested. We experimentally simulated controlled levels of
oxygenator obstructions using glass microspheres in an
ex vivo veno-venous ECMO circuit and measured the change
in shunt flow rate using over the tube ultra-sound flow
probes. A mathematical model was also used to study the
effect of distal resistances in the ECMO circuit on shunt flow.
Results of both the mathematical model and the experiments
showed a clear and measurable increase in shunt flow with
increasing levels of oxygenator obstruction. Therefore, flow
monitoring appears to be an effective non-contact and
continuous method to monitor for obstruction during
ECMO.

Keywords—Extracorporeal membrane oxygenation, Extra-
corporeal life support, Oxygenator thrombosis, Oxygenator
clotting, Oxygenator obstruction, Shunt flow in ECMO,
Mathematical modelling of ECMO.

Address correspondence to M. L. Raghavan, Department of
Biomedical Engineering, University of Iowa, lowa City, IA 52242,
USA. Electronic mail: ml-raghavan@uiowa.edu

0090-6964/21/1200-3636/0 © 2021 Biomedical Engineering Society

INTRODUCTION

Extracorporeal membrane oxygenation (ECMO) is
a form of cardiopulmonary bypass circuit that acts as a
heart-lung machine, usually administered to critically
ill patients with cardiac and/or respiratory failure.'!
With improvements in technology, ECMO has been
brought out of the operating room and to the patient
bedside, thereby allowing clinicians to aid critically ill
patients requiring continuous pulmonary or cardiac
support.® The circuit is usually administered to the
patient in two distinct configurations—venovenous
(VV) ECMO, wherein the blood is drawn into the
circuit from a patient’s vein (such as the vena cava and/
or a large vein such as the femoral vein) and sent back
into a vein and/or into the right atrium after oxy-
genation®'*; and venoarterial (VA) ECMO, wherein
the blood drawn from a vein is then sent back into the
patient’s artery after oxygenation. VV ECMO gener-
ally provides respiratory support to the patient,
whereas VA ECMO can provide both respiratory and
hemodynamic support.®'> Complications for patients
on ECMO are very common and are associated with
high mortality and morbidity.” Between 12 and 18% of
all ECMO patients face oxygenator related events or
complications with high associated mortality (40—
80%)."'"!> Thrombogenic clot formation within the
membrane oxygenator is a common complication
associated with prolonged ECMO duration with
especially high prevalence among pediatric patients.*’
Oxygenator thrombosis is considered a serious com-
plication, because the blockage of gas exchange fibers
increases blood flow resistance, reduces gas transfer
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<FIGURE 1. (a) Schematic representation of the ECMO circuit
being administered to a patient. (b) Analogous lumped
parameter zero-dimension model. (c) Model illustrated in
traditional circuit form.

capability, activates coagulation processes, increases
risk of hemolysis and eventually can lead to oxygena-
tor failure.”'® Imminent oxygenator failure and switch
out can be expensive as well as dangerous for critically
ill patients. Therefore, developing a monitoring system
that can identify potential complications early and
provide more time to perform interventions is very
valuable.

Current ECMO monitoring techniques involve the
periodic measurement of pressure drop across the
oxygenator. It is common practice to check the circuit
pressures pre- and post-oxygenator periodically, where
circuit access sites are usually present.'? An increase in
pressure drop between the pre- and post-oxygenator
measurements suggests an increase in the resistance
within the membrane oxygenator due to acute throm-
bosis. !> 11314 Though an effective estimator of oxy-
genator blockage, this method of monitoring has
several limitations. The introduction of added con-
nectors, stopcocks and accessing indwelling pressure
lines to the path of blood every hour can increase the
potential sites of turbulence and elevates risk of
hemolysis, infection, embolization and air entrain-
ment.” Because this type of monitoring is not contin-
uous but periodic (once every hour at our institution),
it requires the laborious and intermittent involvement
of an examiner with the accompanying possibility of
delayed identification of oxygenator or circuit related
complications. Pressure drop is also a marker specific
to the oxygenator and does not indicate elevated
resistances at distal parts of the circuit that would be
pertinent to clinical practice such as a recovering heart
(VA config), elevated systemic vascular resistance
(SVR) or a cannula obstruction.'?

We proposed shunt flow monitoring during ECMO
as a potential continuous, automated and non-blood
contacting alternative.! The proposed method lever-
ages basic fluid mechanics and a specific aspect of the
ECMO circuit. A typical ECMO circuit is set up as
shown in Fig. la; venous blood from the patient is
drained into the circuit using an inflow cannula, the
blood passes through a mechanical pump (centrifugal
pump) that then maintains a steady flow of blood
through the membrane oxygenator, where gas ex-
change occurs. Subsequently, the blood returns to the
patient via an outflow cannula. Distal to the pump but
proximal to the oxygenator, a small tube or shunt of
about 1.8 mm diameter (compared to 6.35 mm diam-
eter of the main line) bifurcates from the main line
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returning a small amount of blood back, to provide an
access point for infusion of drugs, retrieving blood
samples and utilization of blood parameter sensors
(CDI manifold).! Since the shunt is significantly
smaller in diameter in comparison to the main line, it
recirculates an inconsequential amount of blood back
to the pump. In theory, when distal resistance to flow
within the circuit is increased due to partial oxygenator
obstruction (clotting) or any other downstream events,
the flow through the shunt should start to increase due
to an increased diversion of blood from the main line
to the shunt. Therefore, we hypothesized that blood
flow monitoring in the shunt tubing of the cir-
cuit—which can be done continuously and with ‘no
contact’ over-the-tube flow sensors (safer)—can serve
as an effective early indicator of oxygenator (distal)
obstruction during ECMO treatment. This principle
was tested using constrictor clamps to reduce the
effective diameter of the tube downstream to the oxy-
genator to mimic an increase in resistance in the main
line.! Badheka er al. demonstrated that shunt flow
increased with increasing constriction of the main line
tube. However, these experiments' had some limita-
tions such as limited realism in simulation of oxy-
genator obstruction and use of saline whose viscosity
was much lower than blood. More realistic experi-
mental conditions—where the membrane oxygenator
is obstructed at the fiber level to elevate circuit resis-
tance® and the use of blood analog fluid—are necessary
to assess not just proof of concept that the shunt flow
will increase due to oxygenator obstruction but also
that such an increase is measurable in practice and
therefore, a clinically viable alternative.

In this study, we have used a mathematical model to
create a preliminary theoretical framework for shunt
flow, conducted experiments that more realistically
simulate ECMO circuit conditions, and tested a novel
usable metric that is a more consistent indicator of
circuit obstructions. We assessed shunt flow fraction,
defined as the fraction of the flow out of the pump
being diverted into the shunt tubing from the main
line, as a measurable novel metric of circuit obstruc-
tion. The hypothesis to be tested in this study is that
shunt flow fraction will increase as obstruction/resis-
tance within the oxygenator increases. This hypothesis
was first tested using a mathematical (0-dimensional)
model. The mathematical model gives us the oppor-
tunity to test a desired range of clinical situations with
ease and allows us to make theoretical predictions al-
beit under idealized simplified conditions. Subse-
quently, the hypothesis was tested experimentally using
an actual ECMO circuit, albeit ex vivo, under more
realistic conditions by inducing various levels of oxy-
genator obstruction using clot-simulating microsphere
injections and observing the change in flow rate
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through the shunt tubing. We have focused on study-
ing flow monitoring for VV ECMO.

MATERIALS AND METHODS

Mathematical Model

A lumped parameter 0D model of VV ECMO cir-
cuit was developed (Fig. 1b), with both the oxygenator
and the patient modeled as variable resistances and the
shunt with constant resistance. The circuit is designed
to be an idealized linear system without a temporal
component. This is reasonable for VV ECMO since
highly temporal phenomenon such as pulsatility of
blood flow would only be expected in a VA ECMO
configuration. Accordingly, the patient resistance (R)
is considered negligible in a VV ECMO configuration
because both the inflow and outflow cannula are from
low-resistance venous vessels. The cannulas used for
inflow of blood from the patient into the circuit and
outflow of blood back to the patient taper in size and
are smaller than the circuit tubes. These cannulas
present an increased resistance (R..,) to flow and
therefore included in the model. The pump is modeled
as a constant current/flow source, wherein the pump
flow or Q,, remains constant. The relationship between
flow, pressure and resistance is governed by the equa-
tion:

AP=QxR.

Clinical situations such as an oxygenator blockage
would manifest as an increase in oxygenator resistance
and likewise a cannula obstruction would manifest it-
self as a sudden increase in cannula resistance."
Hence, to understand how flow through the shunt
changes with respect to changes in oxygenator, patient,
and cannula resistance, we express shunt flow as a
function of the independent variables:

Os :f(Rom Rpt7 Rean, Qp7 Py, Rs);

where Q,, is pump flow, AP, is pressure gradient
across the pump, R,y is oxygenator resistance, R, is
patient resistance, R.., is cannula resistance (since the
inflow and outflow cannulas are resistances in series,
we can assume a single term for cannulae resistance),
R, is shunt resistance, R cui 18 total circuit resistance,
P, is venous-side pressure which can also be defined as
pre-pump pressure.
In this circuit,

AP,,
Qp: pﬂlp7 (1)

Rcircuit

AP
— pump (2)

QS = R_y

Considering the whole ECMO circuit, R,,, R.., and
R, are in series and R is parallel to them (see Fig. 1).
Combining these resistances, the total pressure drop
across the pump, AP, m, Will be,

R+ (R, + Ry + Rca,,)) 3)
Rox + Rpt + Rcan + Rs

APpump = Qp * (
Substituting (3) in (2),

Q * Ryx(R, +Rp+Rean)

P Rox+Rpi+Rean+Ry

0,= p . )
s

In a VV ECMO configuration, the patient resistance
is negligible as both the inlet and outlet cannulae are
located at the venous side (R,; = 0). From (4),

ROx + Rcan

QS - Qp* ROx + RS + Rcan .

(5)

Finally, shunt fraction, Qy is defined as follows:

Rox + R..
Qf _ % _ ox t+ an ) (6)
Qp ROx + RS + Rcan

Equation (6) describes how the shunt fraction is
impacted by changes in the resistances of the oxy-
genator and cannula. A set of initial values that
approximate those in clinical practice and observed in
our experiments were used to interrogate the model:

O, = 1000 mL/min (typical pediatric ECMO
flowrate), P, = 2 mmHg (realistic pre-pump pressure),
R, = 4.1 mmHg min/mL (experimentally estimated by
measuring pressure drop across the shunt tube used for
a range of realistic flow rates of blood-analog fluid);
Pprecox = 120 mmHg, Ppoq0x = 105 mmHg (typical
baseline pressures in an ECMO circuit). Baseline (no
obstruction) oxygenator resistance (Rpy) and cannula
resistance (R..,) were determined using these initial
values in the following relationships'*:

Pprer - PV Ppa‘\'tOx - Pv
QOx QOX

The model was then interrogated to understand the
effect that a gradual increase in oxygenator obstruction
(simulated by increasing R,,) and cannula obstruction
(simulated by increasing R.,) can have on shunt
fraction.

ROx = Rcan =

Experimental Investigation

An experimental ex vivo ECMO circuit was set up in
an identical manner to treatment in clinic, with the use
of the tubes, connectors, membrane oxygenator, pump
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(Maquet Intellipackl—Pediatric oxygenator and Ma-
quet cardiopulmonary centrifugal pump, Germany),
shunt tube with CDI manifold (Terumo Cardiovascu-
lar Systems Corporation, Ann Arbor, MI), and a lig-
uid reservoir hung at a height to which the inflow and
outflow cannula were connected as previously
demonstrated by Badheka er al.' The shunt tube used
was approximately 1.8 mm in diameter and 34 in. in
length including the CDI manifold. Over the tube
ultrasound flow probes (Transonic Systems, Inc., NY)
were used to measure flow rates through the circuit.
The shunt flow rate was determined using two such
flow probes—flow probe 1, which is placed distal to the
pump but before the shunt bifurcation and flow probe
2 which is placed distant to the shunt bifurcation but
before the oxygenator. Flow probe 1 measures the
total flow rate coming out of the pump, the pump flow
(Qp); flow probe 2 measures the flow rate going
through the oxygenator post shunt, the oxygenator
flow (Qox). Therefore, flow rate through the shunt is
the difference between the pump flow and the oxy-
genator flow (Qs = O, — Qox). An additional access
port was added proximal to the oxygenator, to facili-
tate the injection of microspheres into the oxygenator
(Fig. 2).

In each experiment, the circuit was primed with ei-
ther saline (0.9% NaCl) as the flowing medium or
blood analog fluid and the pump set to flow steadily at
a predetermined target flow rate. Blood analog fluid
was prepared as a mixture of 35% glycerine v/v and
65% water v/v to achieve a viscosity of 3.5 cP as ver-
ified using a Brookfield LVDV-II+CP Pro Digital
Cone/Plate viscometer (Brookfield Engineering Labs,
Middleboro, MA). Baseline readings of pressure and
flow were documented to represent an oxygenator with
no obstruction. Hollow-glass microspheres of 125-150
pm diameter and 0.07 g/cm® density (Cospheric LLC,
Santa Barbara, CA) were used to simulate oxygenator
obstruction by clogging the exchange fibers in the
oxygenator. This size of microspheres was optimal for

occluding the oxygenator membrane surface without
passing through its pores. Initial dose-response
experiments were performed to ascertain the relation-
ship between the weight of these microspheres injected
and the obstruction caused in the oxygenator as
quantified by pressure drop across it for three pediatric
pump flow rates (1000, 1500, 2000 mL/min). Separate
dose-response curves were generated each for saline
and blood analog fluid. It was noted that depending on
the fluid medium used (saline/blood analog) a clinically
realistic range of oxygenator obstruction levels (as
quantified by oxygenator pressure drop) were possible
by injecting aliquots of 50 to 200 mg of hollow glass
microspheres into the circuit proximal to the oxy-
genator. During experiments, the pump was main-
tained at the target flow rate by adjusting its RPM as is
done in the ECMO clinic. After the flow in the circuit
reached steady state, four sets of pressure and flow
measurements were documented at 1-min intervals and
averaged for use in data analysis. The injections of
microspheres were then repeated while recording the
flow rates, until the pressure drop across the oxy-
genator reached 80-120 mmHg. At the end of every
experiment, the oxygenator was washed thoroughly
with deionized water flow in the opposite direction to
flush out the microspheres. The no-obstruction pres-
sure drop in the oxygenator was checked after flushing
to ensure its return to baseline for subsequent experi-
ments.

RESULTS

Mathematical Model

The mathematical model showed that the shunt
fraction and shunt flow increase linearly as oxygenator
resistance is increased from baseline (pressure drop <
10 mmHg) to severe obstruction (pressure drop > 100
mmHg)—see Fig. 3a. A similar linear increase was
noted when the cannula resistance was increased from
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FIGURE 2. Schematic of experimental ECMO circuit.
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(a) and cannula resistance (b). The cannula and oxygenator resistances were each maintained at their baselines when the other
was perturbed (0.1 mmHg min/mL for R.., and 10 mmHg pressure drop across the oxygenator).

its baseline to four times that (simulating a moderate
kink in the inflow or outflow cannula)—see Fig. 3b.

Experimental Investigation

An initial series of experiments were performed with
saline as the flowing medium followed by a second
series of experiments with blood analog fluid as the
flowing medium. For both media, microsphere injec-
tion was noted to simulate oxygenator obstruction
well—specifically, they do not pass through the mem-
brane oxygenator and instead clog up the inlet part of
the oxygenator. This is consistent with how thrombus
obstruction occurs in the oxygenator, wherein throm-
botic clots are generally located in the inlet part (ve-
nous) of the device and do not pass inside or seen to
occur in the outlet/exit layers of the oxygenator.>’

For saline as the medium at two flowrates—1000
and 1500 mL/min—and microsphere injections to
simulate gradually increasing thrombus formation in
the oxygenator, the shunt flow was found to increase
with increasing levels of obstruction. Figure 4 illus-
trates these experimental results. They also demon-
strate that, consistent with our hypothesis and
mathematical model, the shunt flow (Fig. 4b) and
shunt fraction (Fig. 4c¢) increase as the level of oxy-
genator obstruction increases. Interestingly, while the
effect of oxygenator obstruction on shunt flow depends
on the pump flow rate, its effect on shunt fraction,
while equally strong, is less confounded by pump flow
rate. Also notable is some variation between experi-
ments even within a given pump flow rate especially,
for 1000 mL/min (Fig. 4b). Each experimental run in
our study was after cleaning, dismantling and
reassembling of the apparatus. This is especially so for
the oxygenator which needed to be thoroughly cleaned
as it may have residual microspheres injected from a
previous run. Across all the experiments done in this
study we used three new oxygenators (same brand,
type, and model). The differences reflect the fact that

every time we set up the circuit for a new run, there
were subtle differences from the previous run. This
could be due to subtle changes in the baseline circuit
resistances due to residual uncleaned microspheres in
the connectors or oxygenator or due to the change in
the oxygenator used. These differences may be seen as
analogous to differences among patients and circuits
used in the clinic. Therefore, in this study we focus on
changes from baseline for the selected parameters (as
would be done in the clinic).

Experiments with blood analog fluid as the flowing
medium were similar to those with saline, but each
experiment now consisted of simulating three pump
target flow rates (1000, 1500, and 2000 mL/min). The
measured values were expectedly different owing to its
higher and blood-matching viscosity, but the trends
and hence the findings were quite similar to experi-
ments with saline as medium. The dose-response
curves allowed us to document the effect of micro-
sphere injections on oxygenator obstruction levels at
all three flowrates. Figure 5a demonstrate that pro-
gressive injections of microspheres (quantified by its
weight injected) causes increase in oxygenator resis-
tance (quantified by pressure drop across it) and this
relationship changes with pump flow rate. As with
saline, the shunt flow (Fig. 5b) and shunt fraction
(Fig. 5¢) increased with increasing obstruction in the
oxygenator. Shunt flow showed distinct linear rela-
tionships for each of the three pump target flowrates.
Shunt fraction however showed much less dependence
on pump target flow rates (Fig. 5c). The experi-
ment—measurement of shunt flow and fraction at
three pump target flow rates—was repeated five more
times. Results of all six experiments were consistent
with the representative experiment shown in Fig. 5.
The results of all six experiments are shown in aggre-
gate form in Fig. 6 and used for statistical test of our
hypothesis.
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FIGURE 4. Experiments with saline as flow medium. (a) Dose-response curves depicting the changes in pressure drop across the
oxygenator as microspheres are injected into the ECMO circuit. Four experiments were done at 1000 mL/min and two experiments
at a flow rate of 1500 mL/min. (b) All experiments show a roughly linear increase in shunt flow as the resistance (obstruction) within
the oxygenator is increased and a clear offset in the trend as the pump flow rate is increased. (c) Calculated shunt fraction metric
shows a measurable roughly linear increase with the increase in oxygenator obstruction/resistance. Unlike shunt flow, shunt
fraction is less confounded by the pump flow rate.

Statistical Analysis e No obstruction (Base) measurements at baseline/no
microspheres injected.

o Moderate obstruction (M O) measurements after the
injection of 110 & 10 mg of microspheres—corre-
sponds to oxygenator pressure drop of approxi-

The hypothesis that shunt fraction will be elevated
due to oxygenator obstruction was tested for the
observations made with blood analog experiments.
Three oxygenator obstruction groups were defined:

BIOMEDICAL
ENGINEERING
SOCIETY



Flow Monitoring of ECMO Circuit 3643

(a)

250 © 1000 © 1500 A 2000 A
S 200 o
L
£ A
E
a 150
o o
) a 0
[«

-t
3 100 o
@ a o
jt
e o
501 &
a (o]
o
0 50 100 150 200 250
Weight of Microspheres (mg)
b
( )120
o 1000 o 1500 A 2000
—~ 9 A
£ =TT
S KT
= A R B
. ="
13 ~ fi AI;I__'____
2 60 e
o [m] el e
o T e
p O e e}
=] -
= O
v 301 O
0 - . . . .
50 100 150 200 250
Pressure Drop (mmHg)
(c)
0.06 o 1000 o 1500 A 2000
0.05
o
c
(=]
)
i)
C 004
.
-
c
> »
E% T
0.03 o
a
0.02
0.02 0.04 006 008 0.10 012 014

Oxygenator Resistance (mmHg.min/ml)

FIGURE 5. Experiments using blood analog as the flow medium—(a) increase in pressure drop across the oxygenator (buildup of

resistance) as the weight of microspheres creating

an obstruction within the oxygenator is increased with repeated injections
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pressure drop across the oxygenator (resistance) is

increased. (c) Change in shunt fraction (shunt flow normalized by pump flow

rate) with respect to change in oxygenator resistance (calculated using pressure drop and flow).

mately 60 mmHg—-clinically, such a pressure drop sponds to oxygenator pressure drop of approxi-

would trigger significant corrective efforts.

e Severe obstruction (SO) measurements after the
injection of 210 + 10 mg of microspheres—corre-

mately 100 mmHg.

Paired Student-s tests were performed to compare
the shunt fraction at the MO and SO obstruction levels
against the Base levels under various pump flow rates
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FIGURE 6. The difference in shunt fraction between oxygenators obstructed at two different levels from their baseline values
across six sets of experiments performed at three different flow rates—1000, 1500 and 2000 mL/min. [MO-Base] refers to values at
moderate obstruction subtracted by values at no obstruction and [SO-Base] refers to values at severe obstruction subtracted by
values at no obstruction. Boxes represent quartiles and the whiskers represent the maximum and minimum values with all points
superimposed. A difference in shunt fraction of greater than 0 is observed in most cases with a higher median difference in
severely obstructed oxygenators. Therefore, a clear and measurable difference in shunt fraction with increasing levels of
oxygenator obstructions is observed. For all pump flow rates, the shunt fraction changed with statistical significance (p < 0.05,
paired t-test; indicated with *) when the oxygenator was moderately and severely obstructed from a baseline (no obstruction)

condition.

to test the hypothesis that shunt fraction indicates
oxygenator obstruction. The shunt fraction was ele-
vated for both moderate (MO) and severe (SO) oxy-
genator obstructions compared to baseline with
statistical significance (p < 0.05) as illustrated by
Fig. 6. All these were repeated for shunt flow as a post
hoc analysis and in all cases, the findings were the same
as for shunt fraction—that is, it too was eclevated by
MO and SO levels with statistical significance.

DISCUSSION

The monitoring of an ECMO circuit is extremely
important but tedious. The presence of competing risks
during ECMO—pathologic thrombosis and bleeding,
makes monitoring especially vital—to manage antico-
agulation treatment.'? An ideal monitoring technique
would be one that does not interrupt the path of blood
and can be measured continuously without the addi-
tion of cuvettes, connectors or extra tubing to the
circuit. The current practice of measuring the pressure
drop across the oxygenator, utilizes indwelling pres-
sure lines which increase the risk of infection and air
entrainment. In addition, the procedure requires fre-
quent manual measurement and due to its non-con-
tinuous nature, may delay the identification of
obstructions. Other proposed methods such as mea-
suring the oxygenator blood volume at a given time to
gauge the level of obstruction using saline injections,®
still comes with the caveat of being non-continuous
and interferes with the circuit. Our proposed method'
of monitoring flow rate in the ECMO circuit shunt, if
shown to be reliable, gives us the ability to address
many of these limitations because flow measurement,
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unlike pressure measurement, is continuous, auto-
mated and entirely non-contact. In addition, pressure
drop measurement though specific to the oxygenator,
is confounded by flow rate of the pump. Hence at
different flow rates, the same measured pressure drop
would correspond to different levels of resistance
within the oxygenator (as shown in Fig. 7).

In this study, we assessed whether and to what ex-
tent the flow in the shunt is sensitive to oxygenator
obstruction under experimental conditions using a
clinical VV ECMO circuit with blood analog fluid and
microspheres to simulate oxygenator clotting and
using a mathematical model. We found that the flow in
the shunt is consistently elevated by measurable levels
when the oxygenator is both moderately and severely
obstructed (Figs. 4, 5, and 6). These findings are con-
sistent for experiments with saline and blood analog.
Though blood analog experiments are a more realistic
simulation of common conditions, findings from saline
experiments suggest that flow monitoring will likely be
effective even for patients with low blood viscosity
such as due to low hematocrit. We further found that
the shunt fraction—the shunt flow normalized by the
pump target flow rate—is a more consistent indicator
of developing obstructions than just shunt flow be-
cause unlike shunt flow or even pressure drop across
the oxygenator, the shunt fraction is less dependent on
the pump target flow rate (compare Figs. 5Sb and Sc).
This means, the threshold for safety may be defined
independent of pump target flow rate and therefore
easily adopted in clinical practice. This suggests that
monitoring shunt fraction has the potential to serve as
an early, continuous, automated and non-contact
indicator of oxygenator obstructions and holds
potential as an alternative to current practice of peri-
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FIGURE 7. Calculated oxygenator resistances for different values of pressure drops across the oxygenator that were measured as
we induced obstructions experimentally—for three different flow rates—1000, 1500 and 2000 mL/min.

odically manually measuring pressure drop across the
oxygenator. Further, elevations in shunt fraction can
also be an indicator of other circuit obstructions such
as kinking in the cannula that may sometimes occur
during movement of ECMO patients from, to or
between hospital units. Alternatively, thrombosis may
occur at other locations in the circuit such as at the
entry to the shunt, although this is uncommon because
all ECMO tubing have specialized heparin or plasma
resistant coating. Still such obstructions too will be
reflected in changes to shunt flow, albeit as a reduction
in shunt flow. This means that shunt fraction, while
sensitive to oxygenator obstructions, is not specific to
it, but rather to any obstruction in the circuit. We
believe that a significant increase in shunt fraction may
serve as a highly sensitive, but less specific warning that
something is amiss in the ECMO circuit which may
then trigger more specific tests such as pressure drop
measurements. Such a system offers the advantages of
providing early warnings of obstructions and mini-
mizing the need for risky pressure drop measurements
unless when necessary.

Some limitations in our study are worth noting. The
experimental conditions, while realistic, still did not
include some clinical aspects such as actual blood flow,
the inclusion of a patient and cannulas. We therefore
could not study what effect, if any, that other con-
founding patient related factors such as changes in
SVR, hematocrit, and venous pressures would have
had on shunt flow measurements. We note for in-
stance, in Fig. 5, at a pump flow rate of 2000 mL/min
the sensitivity of shunt fraction to a change in
obstruction is diminished in comparison to flow rates
of 1000 and 1500 mL/min—the shunt fraction starts to
perceptibly elevate only after a moderate obstruction is

achieved. The slope or change in shunt fraction for
small changes in oxygenator resistances need to be
further assessed to understand the sensitivity of shunt
flow to small changes in oxygenator resistances and
how this sensitivity interplays with the accuracy of the
ultrasound flow transducers. Further, by focusing on
VV ECMO, we have not demonstrated that shunt
fraction will be as effective for monitoring patients
under VA ECMO. The mechanisms studied here for
VV ECMO also exists for VA ECMO and therefore,
shunt fraction is likely to remain an indicator of circuit
obstructions. However, in VA ECMO, since the out-
flow cannula is in an artery, the patient’s blood pres-
sure, SVR and arterial pressures will have an impact
on shunt flow and this may affect its sensitivity to
circuit obstructions. Therefore, the findings in this
study under VV ECMO conditions should be studied
under VA ECMO conditions. Our use of blood analog
fluid, while less realistic than human blood, is a rea-
sonable approximation as blood-specific phenomenon
such as Fahraeus—Lindqvist effect only occur in con-
duits that are smaller than 0.3 mm in diameter, which
is far smaller than the smallest tubing in our study—-
the 1.8 mm diameter shunt. Finally, the proposed
shunt flow monitoring will need to be tested in human
subjects before adoption in clinical practice.

In conclusion, we have shown that monitoring
shunt flow during VV ECMO can serve as an effective,
early, continuous, automated, and non-contact indi-
cator of oxygenator obstructions. Shunt fraction—the
shunt flow normalized to pump target flowrate—is an
especially robust indicator that may be used to define
simple safe thresholds in the clinic and monitored
accordingly. These findings need to be tested in human
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subjects before this proposed monitoring method may
be adopted.
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