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Introduction

With improvements in circuit technology and expanding
supportive evidence, extracorporeal membrane oxygena-
tion (ECMO) use has grown rapidly over the past decade
[1]. Advances in pump and membrane lung (ML) design
have led to simpler and more efficient circuits. Circuit-
related complications, however, remain frequent and
associated with considerable morbidity [2].

Mechanisms of membrane lung dysfunction

The ML is responsible for oxygen uptake and carbon
dioxide removal. The non-biologic surface of the ML
activates inflammatory and coagulation pathways with
thrombus formation, fibrinolysis, and leukocyte acti-
vation [3-5] leading to ML dysfunction. Activation of
coagulation and fibrinolysis can precipitate systemic
coagulopathy or hemolysis, while clot deposition can
obstruct blood flow [6, 7]. Additionally, moisture buildup
in the gas phase and protein and cellular debris accu-
mulation in the blood phase may contribute to shunt
and dead-space physiology, respectively, impairing gas
exchange [8, 9]. These three categories—hematologic
abnormalities, mechanical obstruction, and inadequate
gas exchange—prompt the majority of ML exchanges.

Membrane lung monitoring

Hematologic profile

Monitoring of hematologic variables, including coagula-
tion and hemolysis labs, can help identify the develop-
ment of an ECMO coagulopathy or hemolysis.
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Pressure monitoring
The pressure drop across the ML (AP) is measured as
(Additional file 1: Supplemental Figure):

AP = PPre - PPost

where Pp .= pre-ML pressure, Pp,, = post-ML pressure.

As clot forms in the ML, increases in resistance (Ry;)
are reflected as increases in AP. To correct for changes in
blood flow rate (BFR), monitoring of AP normalized for
BF rate (AP/BFR) more directly reflects Ry .

Membrane lung gas transfer
Applying the Fick principle across the ML, oxygen (O,)
transfer may be calculated as:

V/OZ = BFR(CPostOZ_CPreOZ)

where V'O,=0, transfer across the ML (mL/min),
BFR=blood flow rate (L/min), C,0,=0, content of
(pre-/post-ML) blood (mL/L) for

CyOy =134 -Hb-S,0, 4+ 0.03 - P,Oy

where Hb=hemoglobin (g/dL), S,0,=0, saturation
of (pre-/post-ML) blood, P,O,=0, partial pressure of
(pre-/post-ML) blood (mmHg).

Measurement of V'O, provides an objective measure of
oxygen transfer and can confirm ML dysfunction, when
clinically indicated.

Membrane lung dysfunction

Prompt recognition of ML dysfunction is vital for safety,
allowing for elective replacement in a controlled manner.
On the other hand, replacement of an adequately func-
tioning device—requiring temporary cessation of ECMO
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support—places the patient at unnecessary risk while
consuming a limited and expensive resource.

Based on the pathophysiology of the ML, replacement
may be required for one of three reasons: if there is (A)
an associated hematologic abnormality, (B) an increas-
ing obstruction to blood flow, or (C) inadequate gas
exchange (Fig. 1).

Hematologic abnormalities

The presence of an ECMO coagulopathy, typified by
elevated clotting times, hypofibrinogenemia, thrombo-
cytopenia, and elevated D-dimer without alternate expla-
nation raises concern for circuit-related coagulopathy
(CRCQ). Alternatively, evidence of hemolysis with elevated
plasma-free hemoglobin, without alternate explanation,
is concerning for circuit-related hemolysis. In both cases,
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the diagnosis is presumptive and only confirmed when
values normalize after circuit exchange [6].

Obstruction to blood flow

Increasing AP/BER suggests increasing ML clot burden.
As different MLs have different R, no cut-off values of
AP define ML dysfunction and the trend should be care-
fully considered. A rapidly increasing AP, even if not
associated with reduced gas exchange efficiency, is often
a harbinger of impending ML failure and should prompt
consideration of ML exchange. When ML pressures
are not measured, an increasing pump speed require-
ment to maintain a stable BFR can serve as a surrogate
for increasing AP, with the caveat that pump preload and
afterload also affect this relationship.

ML monitoring I
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Fig. 1 Algorithmic approach to membrane lung monitoring for membrane lung dysfunction. Cut-off values for consideration of ML exchange are
suggested values based on author experience and should be considered in the context of the patient and dependence on ECMO support. Please
refer to text for details. ML, membrane lung; Plt, platelet count; INR, international normalized ratio; aPTT, activated partial thromboplastin time; fHb,
free hemoglobin; LDH, lactate dehydrogenase; AP, Pressure drop across the ML; Py, pre-ML pressure; Py, post-ML pressure; Ry, resistance within
the ML; BFR, blood flow rate; V/O,, membrane lung oxygen uptake; Cy,.O,, O, content of pre-ML blood; Cy,,0,, O, content of post-ML blood; Pp,.O5,
partial pressure of pre-ML O,; Py O,, partial pressure of post-ML O,; Pp,.CO,, partial pressure of pre-ML CO,; Py, CO,, partial pressure of post-ML
CO,. Flowchart is designed with adult ECMO patients in mind and may not be applicable to pediatric or neonatal patients. *Extent and frequency
of coagulation and hemolysis lab monitoring is not well-established and will vary by center. Not all labs are required to diagnose coagulopathy

or hemolysis. **When a ML fails, we recommend considering switching the entire circuit, rather than just the ML, if: (a) the ML and pump head

are fused; (b) the ML dysfunction occurs in the setting of circuit-related coagulopathy; or (c) the ML dysfunction occurs in the setting of an older
circuit (i.e, longer than 2 weeks). While the first is due to technical limitation, the latter aim to reduce the risk of ongoing or new circuit-related
coagulopathy in circuits at risk for this phenomenon
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Inadequate oxygen uptake

Worsening oxygenation during ECMO should prompt
quantification of oxygen transfer. When the ML is
no longer able to meet patient oxygen demand, ML
exchange is indicated. There are three important con-
siderations in making this decision.

First, it is necessary that measured V'O, is truly a
maximal value. If circuit BFR is low, for example, the
blood will be fully saturated early in the ML path and
reserve will exist for additional oxygen transfer as BFR
is increased. Similarly, if Cp O, is artificially elevated,
due to high recirculation fraction or impaired tissue
extraction, or if the fraction of delivered oxygen in the
sweep gas (F,O,) is below 100%, the gradient driving
oxygen transfer is reduced, and measured V'O, may not
represent maximal capacity. As such, BFR should be
sufficiently high that further increases do not increase
arterial saturation, recirculation fraction should be
minimized, and ML F,O, set to 100% to ensure an
accurate assessment of maximal V’O,.

Second, though Pp a1 O, less than 200 mmHg can
suggest a failing ML [6], it is vital to calculate V'O, for
confirmation. In the setting of low C;,.O, or high cir-
cuit BFR, blood exiting the ML may not be fully satu-
rated, with low Pp O, despite normal V'O,. In this
case, if the ML is exchanged, the patient is placed at risk
without subsequent improvement in oxygen delivery.

Finally, no absolute values diagnose inadequate oxy-
gen transfer and clinical context is important. In gen-
eral, however, in a patient with hypoxemia and a ML
with maximal V'O, <100-150 mL/min, ML exchange is
typically indicated.

Inadequate carbon dioxide clearance

ML dysfunction can also manifest as inadequate CO,
clearance. Calculation of V'CO, is not typically per-
formed as it varies in a nonlinear fashion with sweep
gas flow rate and requires sampling ML exhaust CO,
[10]. However, persistent Pp, i CO, greater than
40 mmHg [6] and clearance of less than 10 mmHg
PCO, between pre- and post-ML blood gases despite
sweep gas flow rates of 10 L/min or greater is sugges-
tive of ML dysfunction and ML exchange should be
considered.

Sudden membrane lung failure

While serial monitoring of the ML may identify markers
of dysfunction and allow for elective exchange, acute ML
failure is a potentially life-threatening event with unique
considerations. Mechanisms to ensure optimal manage-
ment are provided in the Additional file 2.
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Conclusion

The decision to exchange a ML is complex and without
clear guidelines. In this manuscript, we outline a physi-
ologic approach to troubleshooting this common yet high
risk event.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/513054-020-03388-2.

Additional file 1. Membrane lung monitoring of pressure drop and
oxygen transfer.

Additional file 2. Sudden Membrane Lung Failure.
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