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Abstract

of these patients.

oxygenation, Differential carbon dioxide, Mixing point
.

When native blood flow through the aorta from the adult heart and lungs meets retrograde blood flow from an
artificial heart and lung during venoarterial extracorporeal membrane oxygenation (VA-ECMO), the result is the crea-
tion of two separate circulations on either side of the blood flow mixing point. This phenomenon is known as dual
circulation and is characterized by different content of oxygen and carbon dioxide between the circulations. There is
currently a lack of clarity surrounding the nomenclature to describe this physiologic phenomenon in VA-ECMO and
thus we endeavor to name and define these terms to facilitate clear communication and proper clinical management
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Introduction

As the use of extracorporeal membrane oxygenation
(ECMO) increases, it has become apparent that there is
a lack of adequate terminology to describe dual (native
and extracorporeal) circulations, which potentially occur
during venoarterial (VA) ECMO support. Terminol-
ogy describing this physiology has traditionally been
imprecise and often inaccurate. Clarifying this termi-
nology is important because it can affect interpretation
of ECMO and patient data, impacting not only decisions
about appropriate interventions, but also future research
priorities. Additionally, while the concept of regional
upper body hypoxemia has long been recognized, many

*Correspondence: badulakj@uw.edu

! Department of Emergency Medicine, University of Washington, Seattle,
WA, USA

Full author information is available at the end of the article

Jenelle Badulak and Darryl Abrams have contributed equally to this work.

@ Springer

ECMO practitioners are not aware that carbon dioxide
is also affected by dual circulation and that it is impor-
tant to manage CO, content within the respective native
and extracorporeal zones. In this narrative review,
which extends the foundational work of the Maastricht
Treaty position papers [1, 2], we describe the physiology,
nomenclature, and implications for clinical management
of dual circulation VA-ECMO. The nomenclature recom-
mendations herein are endorsed by the Extracorporeal
Life Support Organization (ELSO).

Retrograde VA-ECMO blood flow and the
establishment of dual circulation

Patients with severe cardiopulmonary failure may be sup-
ported using a range of mechanical circulatory support
devices, including VA-ECMO. During VA-ECMO, blood
is drained from a central vein, pumped through a mem-
brane lung (ML) for gas exchange, and then returned
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under positive pressure to the arterial system. Periph-
eral VA-ECMO is the cannula configuration in which
the return cannula is placed peripherally into a major
artery outside the thoracic or abdominal cavity, e.g.,
femoral, subclavian, axillary, or carotid artery (electronic
supplementary material, ESM 1). Central VA-ECMO,
which requires a sternotomy or thoracotomy, is the can-
nula configuration in which the return cannula is placed
into the intrathoracic aorta or brachiocephalic artery [1]
(ESM 2).

Blood flow from the ECMO circuit can travel in an
anterograde direction (in the natural direction of blood
ejected from the heart) or retrograde direction (against
the flow of blood ejected from the heart).

In peripheral VA-ECMO, most of the blood flow is
directed retrograde through the cannulated artery and
into the aorta against the flow of blood ejected from the
left ventricle (LV) in an anterograde direction. These
opposing flows are referred to as competitive flows. The
location where competitive flows meet in the aorta is

Take-home message

When native blood flow through the aorta from the adult heart and
lungs meets retrograde blood flow from an artificial heart and lung
(venoarterial extracorporeal membrane oxygenation), the result is
the creation of two separate circulations on either side of the blood
flow mixing point. This phenomenon is known as dual circulation
and is characterized by different content of oxygen and carbon
dioxide between the circulations.

referred to as the mixing point, with the location of this
point largely dependent on the magnitude of the pressure
and blood flow generated by the ECMO pump relative
to the pressure and blood flow out of the LV, as well as
the precise position of the arterial return cannula (Fig. 1)
[3]. While both the pressure and blood flow of the native
heart and ECMO pump affect the mixing point, for the
sake of simplicity we will use the term ‘flow’

In most types of central VA-ECMO, most of the blood
flow is anterograde, with minimal retrograde flow limited
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Fig. 1 Competitive flows and mixing point in peripheral VA-ECMO. a Mixing point (arrows) located in the proximal aorta due to a high ratio of
ECMO blood flow to cardiac output. b Mixing point (arrows) in the descending thoracic aorta due to a decreased ratio of ECMO blood flow to
cardiac output. ECMO extracorporeal membrane oxygenation. Image used with permission from Columbia University Irving Medical Center
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to the portion of the aorta between the return cannula
and the aortic valve. The degree of retrograde flow
depends on whether the LV is ejecting blood or not (the
aortic valve is continuously closed). This proximal section
of aorta feeds the coronary arteries, which may be clini-
cally relevant if de-oxygenated blood from diseased lungs
is being ejected by the LV.

In selected patients who need extracorporeal circula-
tory support despite preserved LV function, e.g., isolated
right ventricular failure, blood may be reinfused into
the pulmonary artery (PA), pulmonary vein (PV) or left
atrium (LA). Under such circumstances, reinfused blood
mixes with native blood flow from the pulmonary veins
and is propelled entirely in an anterograde direction

because it is ejected by the LV, avoiding any competitive
flow or mixing point within the aorta. While PA, PV, and
LA reinfusion are not considered to be true VA-ECMO,
as both sides of the heart are not partially bypassed, it is
included here as a useful example to illustrate the con-
trast in physiology. The remainder of the discussion
focuses on the physiology of competitive flows found in
peripheral and, to a lesser degree, central VA-ECMO,
when there is retrograde flow.

The content of oxygen and carbon dioxide in the
blood on either side of the mixing point is predomi-
nantly determined by the native lung (NL) for native
blood flow proximal to the mixing point, termed NL
zone, and the ML for extracorporeal blood flow distal



to the mixing point, termed ML zone (Fig. 2). The phe-
nomenon of two regions of the body (proximal and
distal to the mixing point) being supplied by different
sources of blood flow—and having different content of
oxygen and carbon dioxide based on separate sources
of gas exchange—is referred to as dual circulation [4].
Dual circulation is always present in VA-ECMO with
the exception of the scenario when there is no native
cardiac output and retrograde ECMO blood flow trav-
els all the way to a persistently closed aortic valve.

Key Terms

Peripheral VA-ECMO Cannula configuration in which the
return cannula is placed peripher-
ally into major arteries outside the
thoracic or abdominal cavity, e.g,,
femoral, subclavian, axillary, or

carotid artery

Central VA-ECMO Cannula configuration in which the
return cannula is placed inside
the thoracic or abdominal cavity
and for which cannulation of the
cardiac structures, intrathoracic
aorta, pulmonary vein or artery, or
brachiocephalic artery requires a

sternotomy or thoracotomy

Anterograde blood flow The direction of blood flow ejected
from the heart during normal
physiology

The direction of blood flow infused
by the VA-ECMO circuit which is
opposite the normal direction of
blood ejected from the heart

Retrograde blood flow

Competitive flows The presence of anterograde flow
generated by native cardiac
output from the left ventricle and
retrograde blood flow reinfused

from the ECMO circuit

The location within the aorta where
anterograde blood flow from the
left ventricle meets retrograde
reinfused blood flow from the
ECMO circuit

The region of blood flow starting at
the aortic root and extending to
the mixing point where oxygen
and carbon dioxide content are
determined by the native lung

Mixing point

Native lung (NL) zone

Membrane lung (ML) zone The region of blood flow starting
at the arterial return cannula and
extending to the mixing point
where oxygen and carbon dioxide
content are determined by the

membrane lung

Dual circulation The concept of two circulations in
VA-ECMO when retrograde flow is
present: 1) native heart and NL, 2)

ECMO pump and ML

Historical and recommended nomenclature of gas
exchange in dual circulation

The presence of dual circulation due to retrograde flow
during VA-ECMO may result in differences in the con-
tent of oxygen and carbon dioxide in different portions
of the aorta and its corresponding arterial branches.
Both circulations will have normal to high oxygen con-
tent if the NL and ML each exchange gas normally. How-
ever, when either NL or ML gas exchange is impaired,
hypoxemia may develop in the respective zone. This
phenomenon of differences in oxygen content between
regions of the body has been referred to by a variety of
terms, including “Harlequin syndrome”, “north-south
syndrome’, “differential hypoxemia” and “mixing cloud”
[4, 5]. However, these terms are imprecise, potentially
confusing and, therefore, should be abandoned. The
term Harlequin syndrome is already used to describe
an entirely separate autonomic nervous system disorder
and conveys no information about the precise physi-
ological derangement. While north-south syndrome is
perhaps more descriptive, it incorrectly implies an even
split between the upper and lower portions of the body,
whereas the mixing point may occur anywhere within
the aorta, including proximal to the left subclavian artery.
Differential hypoxemia suggests that hypoxemia is pre-
sent on both sides of the mixing point and differs only in
the degree of hypoxemia. While the blood in the proxi-
mal branches of the aorta may be hypoxemic due to NL
gas exchange impairment (and potentially exacerbated
by efforts to increase native cardiac output), the portion
of the aorta supplied by the ML is typically normoxemic
or hyperoxemic, except when there is malfunction of the
ML. There is also need of a term that describes differ-
ing, even if slightly, normoxemic contents of oxygen in
each zone. “Mixing cloud” is problematic due to concep-
tual confusion surrounding the foreign idea of a cloud of
blood, which does not accurately describe the physiology.
Importantly, none of these terms characterize differences
in carbon dioxide content that can occur on either side of
the mixing point. In addition, “decarboxylation” has been
inaccurately used in the ECMO literature to describe
CO, removal [6]. This term refers to the chemical reac-
tion of removing a carboxyl group from a molecule. Like-
wise, ‘ventilation’ is a physiologic process restricted to the
NL.

In lieu of these previously used terms, we propose dif-
ferential content of oxygen to be termed differential oxy-
genation, and differential content of carbon dioxide, to be
termed differential carbon dioxide to describe regional
differences in oxygen and carbon dioxide content as
created by dual circulation. Instead of decarboxylation,
we recommend ‘CO, removal’ as the preferred term to
describe the process by which the ML eliminates CO,



from the blood. While the NL also removes CO,, sepa-
ration of these terms—using “ventilation” for the NL
and “CO, removal” for the ML—allows for clarity when
speaking about analogous gas exchange processes in
each gas-exchanging region. Furthermore, whereas FiO,
is used to describe the fraction of inspired oxygen in the
NL, FdO, should be used as the preferred term to rep-
resent the fraction of oxygen delivered to the ML—both
because the oxygen from the ML is not “inspired” and
because a single term used for two different gas sources
may lead to medical error. F,O, is another term previ-
ously recommended, but not preferred, because it is
already in current use for free sulfur dioxide [1].

Key Terms

Differential oxygenation A situation in which the content of oxygen
differs between the two sides of the mix-
ing point

Differential carbon dioxide A situation in which the content of carbon

dioxide differs between the two sides of

the mixing point

CO, removal The process by which the membrane lung
removes carbon dioxide (CO,)
FdO, The fraction of oxygen delivered by the

sweep gas into the membrane lung

Dynamic nature of the mixing point in the setting
of dual circulation
Because the mixing point location is determined by the
relative magnitude of the competitive flows generated by
the native heart and the ECMO circuit (Fig. 1), changes
in blood flow from either pump affect the location of the
mixing point within the aorta, and, in turn, the regions of
the body supplied by each circulation. If LV blood flow is
very low and retrograde ECMO blood flow is delivered
through the femoral artery, the mixing point likely occurs
in the proximal aorta with the majority of aortic—and,
therefore, systemic—blood flow provided by the ECMO
circuit (Fig. 1a). Assuming no change in ECMO blood
flow, the mixing point moves more distally within the
aorta as native blood flow from the LV increases (Fig. 1b).
Multiple studies have visually demonstrated this mixing
point with clinical imaging [3, 7-12] and computational
fluid dynamics [13-15]. Importantly, the location of the
mixing point, and thus the tissues perfused by the dual
circulations of the NL and ML, is not static but changes
over the course of an ECMO run.

Whereas femoral reinfusion involves retrograde flow
originating in the iliac artery or distal aorta (ESM 1la),

reinfusion through the axillary, subclavian, or brachio-
cephalic arteries (ESM 1b) more commonly results in a
more proximal mixing point within the aorta. Despite
this difference, decreased LV blood flow still results in a
mixing point closer to the aortic valve, while increased
LV blood flow shifts the mixing point closer to the return
cannula.

There will be no mixing point within the aorta in the
presence of very poor or no cardiac contractility, or/
and in association with very high ECMO-generated
flow, which leads to a continuously closed aortic valve.
This is a well-known complication of VA-ECMO with a
consequent lack of pulsatile flow visible on the systemic
arterial pressure curve, persistent aortic valve closure,
LV and atrial distension, blood stasis on echocardiog-
raphy, retrograde diastolic transmitral flow, retrograde
pulmonary venous flow, as well as increased pulmonary
capillary pressure and pulmonary edema, and eventual
cardiopulmonary clot [16, 17]. This pathologic state of
LV non-ejection, and absence of dual circulations, must
be corrected (see below, clinical implications for man-
agement), and thus it follows that the desired physiologic
condition is the presence of dual circulation.

In the presence of dual circulation, it is important to
establish the approximate location of the mixing point
to determine which regions of the body are supplied by
which circulation, whether each region has appropri-
ate oxygen and carbon dioxide content, and the inter-
play between the function of the native heart and ECMO
pump. While this cannot be readily measured at pre-
sent, an estimate based on native heart pulsatility may
be made. For example, if the right upper extremity (RUE)
systemic arterial pulse pressure is >20 mmHg in a patient
with femoral VA-ECMO, the mixing point is often distal
to the brachiocephalic artery. Of note, use of a mechani-
cal LV vent, such as a microaxial flow device or intra-aor-
tic balloon pump, affects the location of the mixing point,
by moving it further down the aorta, independently of
the native ventricular ejection volume.

To ascertain a more precise location of the mixing point,
additional information can be gleaned by measuring oxygen
content in various locations. This is best done by decreas-
ing either the FiO, or FdO, while setting the other to 1.0 and
then comparing the partial pressure of arterial oxygen (PaO,)
of the RUE and post-membrane partial pressure of oxygen
(PpostO2) (Fig. 2). For example, if the RUE PaO, is consistent
with an expected functioning NL value at an FiO, of 0.40 and
the P, O, is hyperoxemic, consistent with a functioning ML
with FdO, of 1.0, then the mixing point is very likely distal
to the brachiocephalic artery. If the patient also happens to
have an arterial line in the left upper extremity (LUE), and
if the PaO, measured in the LUE (representative of the left
subclavian artery) also reflects NL gas exchange, then the



mixing point is distal to the left subclavian artery. Cerebral
vasculature must likewise be receiving blood flow from the
NL. However, if LUE PaO, reflects ML gas exchange (with
the RUE PaO, reflecting the NL), then the mixing point
is somewhere proximal to the left subclavian artery, with
uncertainty as to whether the carotid arteries receive blood
from the native or extracorporeal circulations. If the RUE
PaO, reflects ML gas exchange, the mixing point is proximal
to the brachiocephalic artery, implying that the other great
vessels—and by extension the cerebral vasculature—are
receiving blood from the ML circulation. Importantly, coro-
nary oxygenation, whether supplied by the ML or NL cannot
be determined in this case. When making adjustments to the
sweep gas flow rate and FdO,, the sweep gas should never be
shut off in VA-ECMO because it will result in a right to left
hypoxemic shunt (as opposed to veno-venous [VV] ECMO,
where it is common practice for weaning).

Using arterial oxygen saturation estimated by pulse oxi-
metry (SpO,) on various parts of the body to identify the
mixing point will only work if the ML and NL are emitting
blood with significantly differing oxygen saturations, i.e.,
when either the ML or NL is dysfunctional thus emitting
hypoxemic blood. When both lungs are functional, it is more
practical to identify the location of the mixing point using
PaO,. Notably, any intervention to manage abnormalities
in oxygen (or carbon dioxide) content should be performed
within either the NL or ML zone based on blood gases, or
arterial oxygen saturation, reflective of that zone. It must also
be emphasized that these zones are dynamic, changing with
any change in native cardiac output or/and ECMO blood
flow during the duration of ECMO support. Importantly,
the RUE is the first measurable location on the body of the
NL zone SpO,, thus it must be continuously monitored to
quickly alert the clinician of hypoxemic blood being ejected
from the heart, and subsequently into the cerebral circula-
tion. Some centers have also employed near infrared spec-
troscopy (NIRS) monitoring on the patient’s head to aid in
early detection of cerebral hypoxia [18].

Differential oxygenation

The oxygen content of blood in the extracorporeal cir-
cuit as it exits the ML—reflected by the PO, and oxy-
gen saturation (S,,,O,)—is determined by the ML gas
exchange (and thereby FdO,), ECMO blood flow rate,
and pre-membrane oxygen saturation (S,,.O,). The oxy-
gen content of blood in the native circulation as it exits
the NL—reflected by the PaO,, arterial oxygen saturation
(SaO,) and SpO,—is determined by NL gas exchange
(and thereby FiO, and other ventilator settings, if intu-
bated), pulmonary blood flow, and mixed venous oxygen
saturation (SyOz) (Fig. 2). Hemoglobin concentration
affects oxygen content in both circulations. Local oxy-
gen consumption (VO) may vary between the ML and
NL zones based on the metabolic activity of the organs in
those zones. This will be reflected in the SO, and S,,,.O,,
depending on where the drainage cannula is located in
the body. Of note, dual circulations during VA-ECMO
can influence the ratio and oxygen content of superior
and inferior caval blood returning to the heart, making
oxygen content higher or lower in the PA than it would
be in the normal physiologic state without ECMO. Here,
we use the term S7O5 to denote the anatomic blood sam-
pling location in the pulmonary artery (not to refer to the
true blend of all the body’s vascular beds’ venous streams
returning to the heart).

While the term differential oxygenation denotes the fact
that the oxygen content differs between each zone, it is
important to further clarify the term to facilitate descrip-
tion of pathologic scenarios where oxygen content in the
blood is low (hypoxemia) and where oxygen delivery is
insufficient for tissue demand (hypoxia). Thus, there are
three potential scenarios (Table 1): (1) differential oxy-
genation with neither hypoxemia nor tissue hypoxia, (2)
differential oxygenation with regional hypoxemia but
no tissue hypoxia, and (3) differential oxygenation with
regional hypoxemia and tissue hypoxia (as depicted by
an increase in lactate or other evidence of end-organ

Table 1 Descriptions of the various scenarios for differential oxygenation during VA-ECMO when the mixing point is dis-

tal to the brachiocephalic artery

1 Preserved > 88% 95
2
A Impaired < 88% 50
B Preserved > 88% 95
3
A Impaired < 88% 50
B Preserved > 88% 95

Preserved > 88% 400 Normal
Preserved > 88% 400 Normal
Impaired < 88% 50 Normal
Preserved > 88% 400 Elevated
Impaired < 88% 50 Elevated

RUE right upper extremity



hypoxia). Scenario 1 occurs when oxygen content dif-
fers between NL and ML zones but the SaO, is nonethe-
less in a range in both circulations that is determined
by the bedside clinicians to be clinically appropriate. Of
note, potentially harmful non-physiologic hyperoxemia
(extremely high PO,) may occur in either zone. Scenario
2 occurs when there is sufficiently severe dysfunction
of either the NL (2A) or ML (2B) such that hypoxemia
occurs, but oxygen delivery is sufficient to avoid tissue
hypoxia. Interventions to correct hypoxemia in this sce-
nario may be unnecessary. Scenario 3 occurs when there
is sufficiently severe dysfunction of either the NL (3A) or
the ML (3B), leading not only to hypoxemia, but also to
tissue hypoxia. Attempts to correct hypoxemia resulting
in tissue hypoxia are almost always appropriate.

Key Terms

A situation in which the content of
oxygen differs between the two
sides of the mixing point

When PO, differs between the NL
and ML zones but there is no
hypoxemia

Differential oxygenation

Without hypoxemia

With regional hypoxemia with-
out hypoxia

When the ML or NL zone is hypox-
emic but no tissue hypoxia is seen

With regional hypoxemia and
hypoxia

When the ML or NL zone is hypox-
emic and tissue hypoxia is present

ML membrane lung, NL native lung

Differential carbon dioxide
Similar to regional differences in oxygenation, ventila-
tion by the NL and CO, removal by the ML may differ

between the two circulations. CO, in the ML zone—
reflected by the post-membrane partial pressure of car-
bon dioxide (P, CO,)—is determined by the ML sweep
gas flow rate, ML dead space fraction, diffusion proper-
ties of the ML, pre-membrane partial pressure of carbon
dioxide (P,,.CO,), and ECMO blood flow (particularly at
lower blood flows). CO, in the NL zone—reflected by the
partial pressure of arterial carbon dioxide (PaCO,)—is
determined by NL alveolar ventilation, diffusion prop-
erties of the NL, mixed venous CO, content, and pul-
monary blood flow (Fig. 2). The CO, content in both
circulations is further determined by hemoglobin con-
centration, and oxygen saturation (Haldane effect). Car-
bon dioxide production (VCO,) will impact the amount
of CO, delivered to both the ML and the NL.

As with differential oxygenation, it is important to
define scenarios where differential carbon dioxide is
pathologic and results in acid-base derangements. There
are three potential scenarios (Table 2): (1) differential
carbon dioxide with normocapnia, (2) differential carbon
dioxide with regional hypercapnia, (3) differential carbon
dioxide with regional hypocapnia. Whether interven-
tions are warranted to correct or normalize pH or PCO,
depends on the individual patient’s physiology and abil-
ity to tolerate derangements in pH and PCO,. Of note,
avoiding derangements is particularly important in preg-
nant patients and patients with neurologic emergencies.
Additionally, exacerbation of differential carbon dioxide
can occur if hyper/hypocapnia in the NL and ML zones,
or changes in tissue metabolism, go unnoticed or are
improperly managed.

Table 2 Descriptions of the various scenarios for regional PCO, differences during VA-ECMO when the mixing point is

distal to the brachiocephalic artery

1 Normal 35-45 Normal
2

A Hypoventilation > 45 Normal

B Normal 35-45 Decreased CO, removal
3

A Hyperventilation <35 Normal

B Normal 35-45 Increased CO, removal

35-45 While both CO, tensions may be normal, the
numerical value may still differ between
circulations

35-45 NL hypercapnia

> 45 ML hypercapnia

35-45 NL hypocapnia

<35 ML hypocapnia

RUE right upper extremity



Key Terms

A situation in which the content of
carbon dioxide differs between
the two sides of the mixing point

Differential carbon dioxide

With normocapnia When PCO, is marginally different
in the NL and ML zones without

hypocapnia or hypercapnia

With regional hypocapnia When there is hypocapnia in the ML

or NL zone

With regional hypercapnia When there is hypercapnia in the

ML or NL zone

ML membrane lung, NL native lung

Implications for clinical management

The region from which a blood gas measurement is
sampled, (i.e., in the distribution of the NL or ML zone)
dictates which lung (native or membrane) should be
manipulated when attempting to manage gas exchange.
To do this, a general understanding of where the mix-
ing point resides during retrograde flow VA-ECMO is
needed—bearing in mind that the mixing point may be
dynamic, even over short periods of time. Most of the
time, achieving some degree of LV ejection, whether via
afterload reduction (weaning vasoconstrictors or start-
ing vasodilators, using positive pressure ventilation,
hemodynamically tolerated ECMO blood flow reduc-
tion), or inotropes, or mechanical LV vent (microaxial
flow device, intra-aortic balloon pump), is required to
mitigate LV distention [16, 17]. When sufficient LV ejec-
tion is achieved, the mixing point is most often distal to
the brachiocephalic artery. Therefore, in general, sup-
port provided to the NL (usually the ventilator) should be
adjusted based on RUE blood gases, and the ML (sweep
gas) adjusted based on post-membrane blood gases.

Hypoxemia

One of several interventions may be indicated to correct
regional hypoxemia with/without tissue hypoxia depend-
ing on the affected zone. Within the NL zone (Table 1,
scenario 2A and 3A), interventions may include ensuring
the drainage cannula is draining the superior vena cava,
adjusting mechanical ventilation settings, and/or conver-
sion to veno-arterio-venous (V-AV)-ECMO (Fig. 3). To
allow cross-circulation of the dual circulations, ideally
a femoral drainage cannula is always placed with the tip
in the superior vena cava, alternatively the drainage can-
nula can be placed in the internal jugular vein [19-23].
Mechanical ventilator settings should be augmented early
to mitigate alveolar filling and pulmonary shunt physi-
ology, which will commonly be required in the patient
with cardiogenic pulmonary edema. Increasing the flow
through a microaxial LV vent, if one is in place, can also

© 2017 CollectedMed, LLC
Fig. 3 Hybrid V-AV ECMO cannula configuration with drainage
cannula in the femoral vein and return cannulas in the femoral artery
and internal jugular vein. Image used with permission from Columbia
University Irving Medical Center

be employed to decongest the LV and alleviate pulmo-
nary edema. If the patient has concomitant acute respira-
tory distress syndrome (ARDS), the best strategy to avoid
ventilator-induced lung injury (VILI) may be early con-
version to the V-AV hybrid cannula configuration with
the addition of a venous return limb. A common scenario
is a patient in cardiogenic shock with concomitant ARDS
initially placed on VA-ECMO. When the heart recov-
ers before the lungs, the mixing point moves distally in
the aorta leading to upper body hypoxemia. Initially,
maneuvers to optimize the ventilator for ARDS manage-
ment can be undertaken and, if unsuccessful, the circuit
is usually converted to V-AV [24]. Alternatively, the mix-
ing point can be moved more proximal to the ascending
aorta to reduce the likelihood of hypoxemic NL circula-
tion supplying the cerebral circulation and avoid cerebral
hypoxia, but it is important to note that this may not cor-
rect coronary hypoxia. Moving the mixing point more
proximally can be achieved by relocating the arterial




return cannula to the upper body, e.g., the right axillary,
right subclavian, or brachiocephalic artery [25, 26], or
conversion to central cannulation with the return can-
nula in the proximal aorta. Another option, albeit rarely
employed, is to use a long instead of short femoral arte-
rial return cannula [27, 28]. Increasing ECMO blood flow
or decreasing the flow of a microaxial LV vent [5] would
move the mixing point more proximal. However, these
maneuvers worsen the underlying problem by increasing
LV afterload leading to decreased LV ejection, worsened
pulmonary edema, blood stasis and eventual cardiopul-
monary clot. Thus these maneuvers could be temporar-
ily employed to manage circumstances of severe cerebral
hypoxemia, but the more durable aforementioned alter-
native strategies that don’t perpetuate the problem of LV
congestion are preferred and should be pursued as soon
as possible. Within the ML zone (Table 1, scenario 2B
and 3B), interventions may include adjusting the FdO, or
replacing the ML, as appropriate [29].

Hyper/hypocapnia

In the setting of regional hyper/hypocapnia, one of
several interventions may be indicated to correct the
derangement, depending on the affected zone. Within the
NL zone (Table 2, scenario 2A and 3A), ventilation of the
NL may be adjusted if the patient is mechanically venti-
lated. It is more difficult to adjust NL ventilation in the
spontaneously breathing patient aside from avoiding cen-
tral nervous system depressants that cause hypoventila-
tion. While one could utilize cannulation reconfiguration,
as previously mentioned in the section on oxygenation
[19-28], to reduce the likelihood of NL circulation sup-
plying the cerebral circulation and to improve the ability
to regulate cerebral hyper/hypocapnia, this is rarely per-
formed. Within the ML zone (Table 2, scenario 2B and
3B), interventions include adjusting CO, removal using
the sweep gas flow rate or replacing the ML, as appropri-
ate [29].

Importantly, because gas content in each circulation
exists independently, adjustments in either NL ventila-
tion or ML CO, removal should be performed to address
hyper- or hypocapnia in the respective zone, as such
changes will have minimal, if any, impact on CO, con-
tent in the other circulation. This is a key point that often
confounds clinicians at the bedside, because historically
attention has been focused on management of differential
oxygenation while differential carbon dioxide content was
not recognized until more recently. Further, if changes
are made using the wrong blood gas data, e.g., titrating
the sweep gas flow rate to the RUE PaCO,, exacerbation
of differential carbon dioxide leading to regional hyper/
hypocapnia can occur. For example, when the kidneys
are perfused by the ML circulation (whenever the mixing

point is proximal to the origin of the renal arteries) and
exposed to hypercapnia and acidemia despite normal
NL ventilation (Table 2, scenario 2B), the response is
an increase in renal acid excretion, leading to systemic
metabolic alkalosis, including within the NL zone. Man-
agement of this scenario requires increasing the sweep
gas flow rate within the ML to create an alkalemic envi-
ronment for the kidneys that would prompt bicarbo-
nate excretion. Similarly, in patients presenting with NL
hypoventilation (Table 2, scenario 2A), efforts to correct
hypercapnia by increasing the sweep gas flow rate result
in exposure by the kidneys to an extracorporeal-induced
respiratory alkalosis that triggers increased bicarbonate
excretion and loss of systemic bicarbonate buffering for
the NL hypercapnia, potentially resulting in a dangerous
level of acidemia within the NL zone.

Summary

Standardizing terminology is important for accurately
describing changes in oxygen and carbon dioxide con-
tent that may occur during dual circulation VA-ECMO.
Understanding and accurately describing the physiologi-
cal impact of VA-ECMO when blood is infused opposite
(retrograde) the direction of blood flow ejected from the
heart—with such terms as competitive flow, dual circula-
tion, membrane and native lung zones, mixing point, dif-
ferential oxygenation and differential carbon dioxide—is
crucial for the optimal management of these complex
patients. Importantly, akin to oxygenation, carbon diox-
ide is affected by dual circulation, and it is important to
manage CO, content within the respective native and
extracorporeal zones.
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