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Abstract

Extracorporeal membrane oxygenation (ECMO) has emerged as an invaluable tool for
bridging severe isolated or combined failure of lung and heart. Due to massive technical
improvements, the application of ECMO is growing fast. While historically ECMO was
initiated and maintained by cardiac surgeons, in recent times interventional cardiolo-
gists and intensive care specialists increasingly run ECMO systems independently with
great success. Percutaneous ECMO circuits are usually set up in a dual cannulation
mode, either as veno-venous or as veno-arterial configuration. A novel advanced
strategy is the cannulation of three large vessels (triple cannulation), resulting in veno-
veno-arterial or veno-arterio-venous cannulation. Both veno-venous and veno-arterio-
venous cannulation may further be upgraded to veno-pulmonary-arterial or veno-
arterial-pulmonary arterial cannulation, respectively. Triple cannulation expands the
field of ECMO application but substantially increases the complexity of ECMO circuits.
In this chapter, we review percutaneous dual and triple cannulation strategies, featuring
a recently proposed unifying nomenclature. This unequivocal code universally applies
to both dual and triple cannulation strategies (VV, VPa, VA, VVA, VAV, VAPa). The
technical evolution of ECMO is growing fast, but it has to be noted that current
knowledge of ECMO support is mainly based on observation. Thus controlled trials are
urgently needed to prospectively evaluate different ECMO modes.

Keywords: cardiogenic shock, heart failure, ECMO, extracorporeal circulation, me-
chanical circulatory support, triple cannulation

1. Introduction

In 1972, the first report of successful extracorporeal membrane oxygenation (ECMO) was
published [1]. Since then extracorporeal membrane oxygenation (ECMO) has emerged as a
central method for supporting acute severe heart and lung failure. The current broad use of
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ECMO was made possible by many technical improvements of tubings, surfaces, oxygena-
tors, and other parts of the circuit. Recently, randomized and observational studies have
demonstrated that the so far widely used intra-aortic balloon pumps are not as beneficial as
expected in patients with shock [2, 3]. Thus, the frequency of use of ECMO will likely further
increase in the future.

Strategy Indication Principle Exit Reference
(example)
Bridge to Myocarditis Replacement of organ function =~ ECMO removal Asaumi et al. [29],
recovery until recovery allows weaning of Lorusso et al. [30]
ECMO
ARDS Preoxygenation of venous blood ECMO removal Hoeper et al. [18]
to allow for lung-protective
ventilator settings and pulmonary
recovery
Bridge to Respiratory failure Replacement of organ function = Transplantation Fuehner et al. [15]
transplantation  from lung disease until transplantation of the failing Schmidt et al. [17]
without prospect of organ
recovery
Bridge to Terminal heart Replacement of organ function =~ LVAD surgery Haneya et al. [38]
destination failure until implantation of a permanent
assist device
Bridge to Resuscitation Replacement of organ function ~ Improve end organ Rousse et al. [39]
decision with the intention to gain time  function, assess
until decision on the final strategy neurological outcome on
can be made ECMO support, to
evaluate the patient for a
reasonable exit strategy
(e.g., potential LVAD
implantation)
Interhospital ECMO implantation in the Improve end organ Javidfar et al. [35]

transfer of patients
with ARDS or
cardiogenic shock,
refractory to
medical therapy

peripheral hospital, transfer of function and complete
stabilized patient to tertiary diagnostics to determine

cardiovascular center

permanent assist device)

exit strategy (recovery vs.

ARDS, acute respiratory distress syndrome; LVAD, left ventricular assist device.

Table 1. Strategies of ECMO support for heart and/or lung failure.

The most common ECMO configuration is “dual-cannulation,” i.e., veno-venous (VV) or veno-
arterial (VA) cannulation with two large-bore cannulae. VV-ECMO drains desaturated blood
from the right atrium and returns it after oxygenation and decarboxylation again to the right
atrium. By this, it works like an extracorporeal lung and is classically used in patients with
severe acute respiratory distress syndrome (ARDS). In contrast, VA-ECMO drains blood from
the right atrium and returns it after passing the ECMO device to the patient’s arterial system,
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usually via the femoral artery toward the aorta. By this, VA-ECMO generates a large extrac-
orporeal right-to-left shunt and primarily provides hemodynamic support, whereas the effect
on oxygenation depends on several factors such as cannulation sites, the patient’s cardiac
output, and respiratory function. Thus, considering the profound effects on hemodynamics
and gas exchange, VA-ECMO is essentially different from VV-ECMO, and each has its own
indications.

Regardless of the cannulation mode, ECMO can be used with different strategies (Table 1):
bridge-to-recovery, bridge-to-transplantation, bridge-to-destination, or bridge-to-decision.

However, notwithstanding today’s very quick setup of the system due to major technical
improvements, ECMO is an invasive life support system potentially leading to vascular
complications, bleeding, thromboembolic events, and infection [4]. ECMO support can be
easily initiated, but its termination in a bridge-to-recovery strategy requires careful weaning.
Therefore, an experienced team of cardiologists, cardiac surgeons and intensive care specialists
(and pulmonologists on the case of lung failure) should evaluate every patient before ECMO
initiation, in order to reach consensus on the individualized therapeutic concept. Guidelines
on indications, use, and weaning from ECMO support in children and adults are available
from the Extracorporeal Life Support Organization (ELSO) [5]. In general and compared to
other invasive therapies, the level of evidence is limited for ECMO. Large prospective trials
are sparse, even if several smaller studies, case series, and registries are available. This is in
part due to the acute lifesaving nature of the device, where the clinical need has passed the
chance to conduct prospective studies.

Drainage Return Abbreviation Figure Draining cannula® Supplying cannula* Indication
iv|vi .
: : W 1 Inferior Vena cava Superior Vena cava ARDS
1 1
I VIS : Right atrium
: : VPa 2 Pulmonary artery Rightsided heart failure
l i
| VIA 1 Post-cardiotomy cardiogenic shock
! ! Acute decompensated heart failure
| 1 . . Cardiogenic shock during AMI or fulminant myocarditis
Right atrium 9 9 4
I : VA 3 9 Common iliac artery Massive pulmonary embolism with shock
| 1 High-Risk PCI support
: : Extracorporeal resuscitation
I i
VIV]IAI Inferior Vena cava Insufficient unloading during VA-ECMO
: : VVA 4 Superior Vena cava (or RV) Common iliac artery Left ventricular distension during VA-ECMO
1 1
: VIA : v Common iliac artery Respiratory failure during VA-ECMO
: : VAV 5 Inferior Vena cava Superior Vena cava Cardiogenic shock during VV-ECMO
1 1
'v]A!Pa . : - I ’ )
: : VAPa 6 Right atrium Common iliac artery Severe rightsided heart failure during VAV-ECMO
1 1 Pulmonary artery Severe lung and rightsided heart failure during VA-ECMO

ARDS denotes acute respiratory distress syndrome

Table 2. ECMO cannulation modes.

The clinical need has also led to innovative applications for ECMO under special circumstan-
ces, beyond classical dual cannulation. The novel concept of triple cannulation addresses
inadequate draining during veno-arterial ECMO and combined cardiopulmonary failure on
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either veno-arterial or veno-venous ECMO. As triple cannulation resulted in a confusing use
of multiple abbreviations during clinical routine, we have recently proposed a unifying
terminology of ECMO cannulation modes [6].

In this chapter, we very briefly review the features of dual cannulation ECMO and then
summarize current indications, pathophysiology, and strategies for percutaneous triple
cannulation ECMO support. An overview on cannulation modes is given in Table 2. It should
not remain unmentioned that other extracorporeal systems beyond ECMO are available, but
these are off the focus of this chapter and are described elsewhere [7, 8].

2. Dual cannulation ECMO

Dual cannulation ECMO may be instituted as veno-venous or veno-arterial ECMO. Both are
essentially different in terms of setup, support, and monitoring.

2.1. Veno-venous cannulation (VV)

During VV-ECMO, deoxygenated blood is drained from the right atrium and returned after
extracorporeal reoxygenation and decarboxylation again to the right atrium (Figure 1). ECMO-
derived preoxygenated blood enters the pulmonary circuit and provides systemic oxygena-
tion, thus allowing for establishing lung-protective respirator settings. The most common
indication for VV-ECMO is ARDS [9-14]. In ARDS, ECMO is considered with a Horovitz index
below 100 to 150 or uncompensated acidosis (pH <7.2) and has already been applied in awake
patients [15-17] or even to fully avoid invasive ventilation [18]. Notwithstanding the need of
prospective controlled trials, VV-ECMO has already entered center stage in severe ARDS in
tertiary centers, which was further promoted by the recent HIN1 wave [19-22]. VV-ECMO
should not be initiated in patients with terminal respiratory failure, when there is no perspec-
tive of organ recovery or lung transplantation.

VV-ECMO cannulae are usually introduced via the femoral and jugular veins (Figure 1), with
upper-body cannulation by using a bicaval dual lumen cannula [6, 23] only through the right-
sided jugular vein as an elegant alternative. With femoral-jugular cannulation, it is essential
to position the tips of both cannulae at the border between the right atrium and the caval veins
(Figure 1) to minimize recirculation. On VV-ECMO, oxygen saturation in the central aorta
results from a mixture of reoxygenation in the ECMO and remaining gas exchange in the lungs.
Improvement of end organ supply often results in a reduction of vasopressors, but VV-ECMO
does not influence hemodynamics per se, as equal blood volumes are drained from and
supplied to the right atrium (Table 1). Right or left heart failure in patients on VV-ECMO is a
potential indication for triple cannulation (see below), thus echocardiographic monitoring is
very important during support.
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VV cannulation

RaP unchanged

PaPmean may decrease

LVEDP unchanged

SBP may increase

Vasopressor dose may decrease
Inotrope dose unchanged

Figure 1. Veno-venous ECMO (VV). VV-ECMO drains venous blood (blue) from the right atrium and the inferior vena
cava and returns an equal volume after reoxygenation and decarboxylation (red) again to the right atrium. PaPmean
denotes the mean pulmonary arterial pressure, LVEDP left-end diastolic pressure, RaP mean right atrial pressure, and
SBP systemic blood pressure. Pressure and medication changes given in the figures are mainly derived from clinical
experience and remain to be validated by dedicated studies. LVEDP denotes left ventricular end diastolic pressure,
PaP pulmonary arterial pressure, RaP right atrial pressure, and SBP systolic blood pressure.

2.2. Veno-pulmonary-arterial cannulation (VPa)

This is a very recent modification of VV-ECMO, which has not been validated in studies und
is just described here for the purpose of completeness. VPa cannulation intends to provide
similar support as VV-ECMO, i.e., to drain venous blood from the right atrium and to supply
reoxygenated and decarboxylated blood back toward the pulmonary circulation. The differ-
ence to VV-ECMO is that the supplying cannula does not end at the right atrium but is
forwarded through the tricuspid valve, the right ventricle, and the pulmonary valve to the
pulmonary artery (Figure 2). This has to be performed under angiographic (or transesophageal
echocardiographic) guidance, and for this purpose a flexible 17-French cannula is necessary.
Furthermore, the draining cannula tip should be positioned in the mid right atrium to facilitate
homogenous drainage of the upper and lower body.
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VPa

VPa cannulation

RaP decreases

PaPmean increases

LVEDP may increase

SBP may increase

Vasopressor dose may decrease
Inotrope dose may decrease

Figure 2. Veno-pulmonary-arterial ECMO (VPa). VPa-ECMO drains venous blood (blue) from the right atrium and re-
turns an equal volume after reoxygenation and decarboxylation (red) to the pulmonary artery. Note the modified posi-
tion of the draining venous cannula tip compared to VV-ECMO.

The main advantage of VPa cannulation is the bypass of the right ventricle, which in turn
requires a competent pulmonary valve. As such, this type of cannulation may be used in
patients with isolated right heart failure or with right heart failure while on VV-ECMO support.
Again, it has to be noted that this type of ECMO is novel and has not been validated in clinical
trials. It further requires sufficient left ventricular function, and left heart failure on VPa-ECMO
may be an indication for triple cannulation (see below). In general, isolated right heart failure
may also be bridged by a novel dedicated microaxial right heart assist device (Impella RP®,
Abiomed) [24]. However, in contrast to VPa-ECMO, this approach provides mere hemody-
namic assistance but no respiratory support by reoxygenation and decarboxylation of venous
blood.

2.3. Veno-arterial cannulation (VA)

The second major indication for ECMO is hemodynamic support in severe heart failure, which
has already been introduced to current guidelines [25]. For hemodynamic support, VA-
cannulation is performed. Here blood is drained from the right atrium similar to VV-ECMO
but returned to a large artery toward the aorta (Figure 3). This institutes an extracorporeal
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right-to-left-shunt in order to reduce preload and to increase aortic blood flow for end organ
perfusion (Figure 3). That leads to the stabilization of blood pressure in most cases, but this
secondary effect depends on vascular resistance and filling. As such, vasopressor dosing and
volume supplementation have to be carefully adjusted during VA-ECMO.

VA

VA cannulation

RaP decreases

PaPmean decreases

LVEDP may decrease or increase
SBP increases

Vasopressor dose decreases
Inotrope dose decreases

Figure 3. Veno-arterial ECMO (VA). VA-ECMO drains venous blood (blue) from the right atrium and returns an equal
volume after reoxygenation and decarboxylation (red) to the iliac artery toward the aorta. Note the modified position
of the draining venous cannula tip compared to VV-ECMO. Femoral arterial cannulation requires an extra sheath for
antegrade perfusion of the leg (inset).

VA-ECMO has successfully been used in various conditions such as post-cardiotomy cardio-
genic shock [26], shock caused by myocardial infarction [27], decompensated non-ischemic
heart failure [28], fulminant myocarditis [29, 30], or pulmonary embolism prior to embolecto-
my [31, 32] in all of the aforementioned cases in a bridge-to-recovery strategy. As with VV-
ECMO, VA-ECMO has successfully been used in awake patients avoiding mechanical
ventilation [33]. VA-ECMO is further used in a bridge-to-transplantation strategy for right
ventricular failure during decompensated pulmonary arterial hypertension before lung
transplantation [34]. Transportable ECMO systems are available for the stabilization of
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patients with cardiogenic shock in order to transfer them to a tertiary cardiovascular center
[35]. While elective high-risk percutaneous coronary intervention has been successfully
performed under VA-ECMO support [36], a percutaneous microaxial pump (Impella®)
appears to be equally effective with lower procedural risk [37]. VA-ECMO can further be useful
for preconditioning prior to implantation of a permanent left ventricular assist device (LVAD)
in a bridge-to-destination strategy [38]. Regarding donor organ shortage, this approach will be
increasingly important in the future compared to a bridge-to-transplantation strategy. A bridge-
to-decision strategy [39] is followed in patients after resuscitation, with the intention to gain
time, while end organ perfusion is improved until neurological outcome after resuscitation
can be evaluated. The use of VA-ECMO is further beneficial during the early postoperative
phase after lung transplantation, while the heart is not ready to manage reconstituted left
ventricular preload [40]. As in recent years, efforts are made to improve the outcome after out-
of-hospital resuscitation, and VA-ECMO will also play an important role here [41], since
available outcome data suggest a benefit in this context [42, 43]. Notwithstanding the broad
use of VA-ECMO, and promising results from smaller studies, large prospective studies are
missing.

VA-ECMO cannulae are usually introduced via the femoral vein and artery (Figure 3), but the
venous cannula may also drain blood via a jugular vein, especially when VV-ECMO with
existing jugular access is switched to VA-ECMO. In contrast to VV-ECMO, the venous cannula
tip should be placed in the mid right atrium (Figure 3) to enable homogenous drainage of the
upper and lower body. Upper-body cannulation via the jugular vein and subclavian artery is
also possible [6].

Arterial cannulation introduces several important differences to VV-ECMO, which have to be
considered in both VA- and triple cannulation ECMO. One of the most important issues is the
so-called watershed phenomenon, i.e., an artificial competition zone between antegrade blood
flow from the heart and retrograde blood flow from the ECMO [6, 31, 44]. It is located at a
region somewhere between the ascending aorta and the thoracic aorta at the diaphragm level
in most cases, and varies over time [44] and between individual patients. As a result, the upper
body including the brain is perfused with “heart blood” and the lower body with “ECMO
blood.” Accordingly, lung failure during VA-ECMO may result in hypoxic damage to the heart
and brain despite good perfusion pressure, because blood derived from the heart is incom-
pletely saturated. This condition is a potential indication for triple cannulation ECMO (see
below). Second, femoral arterial cannulation requires an additional sheath to ensure distal
arterial perfusion (Figure 3, inset) [45], and arterial access may lead to substantial vascular
complications [45]. Lastly, left ventricular distension and pulmonary congestion may emerge
after the onset of VA-ECMO support, especially in cases of extremely low left ventricular
output or aorticregurgitation. In such cases, triple cannulation for enhanced venous unloading
can be helpful (see below) [5]. A novel promising solution to compensate for insufficient or
missing antegrade flow across the aortic valve on VA-ECMO support is additional percuta-
neous left ventricular unloading by a microaxial pump (Impella®, Abiomed), which is
described elsewhere [46—48].
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The aspects described above (watershed, antegrade perfusion sheath, LV distension/pulmo-
nary edema) have to be considered in all patients on femoral-arterial cannulation, however,
do not apply to central and only in part to subclavian arterial cannulation.

3. Triple cannulation

Triple cannulation ECMO is a novel and complex form of mechanical support. In most cases,
it is instituted by adding a third cannula to an existing VV- or VA-ECMO circuit. The term
“triple cannulation” primarily means the use of three cannulae; however, these may be used
in a veno-veno-arterial (VVA) or veno-arterio-venous (VAV) mode. As VVA and VAV modes
have strongly different effects on circulatory and respiratory support as well as associated
ventilator and medical management, we here describe both configurations separately. In
general, triple cannulation is a promising approach for selected patients, but evidence from
the available literature is limited, and it should be used by experienced centers only.

3.1. Veno-veno-arterial cannulation (VVA)

VVA-ECMO is a special variant of VA-ECMQO, in order to improve drainage with a second
venous cannula. In general, VA-ECMO intends to provide hemodynamic support and car-
diac unloading during severe left-sided, right-sided, or biventricular heart failure. In this
context, filling pressures, i.e., pulmonary arterial and capillary wedge pressures, serve as ro-
bust markers of VA-ECMO efficacy. However, in some patients, venous drainage is not suf-
ficient, resulting in either reduced ECMO flow or upper body hypoxemia (also termed
differential hypoxia or two-circulation syndrome) [49, 50]. This may occur by using insuffi-
cient cannula diameters or in very large patients. Then, the addition of a second draining
cannula aims to improve venous drainage, resulting in triple cannulation (two for drainage
and one for supply, Figure 4).

Unloading by standard VA-ECMO may further be insufficient in special situations, e.g.,
congenital heart defects or coexisting intracardiac shunts and pulmonary arterial hyperten-
sion. Then intracardiac right-to-left shunt may result in myocardial and cerebral hypoxia. A
third cannula which drains blood from the right atrium or the right ventricle (Figure 4) is often
sufficient to optimize unloading, increase upper body drainage, and reduce intracardiac
shunts. Left ventricular distension during VA-ECMO represents another indication for
enhanced drainage by VVA triple cannulation. Furthermore, in patients with insufficient flow
through the draining cannula or hemolysis due to high flows, VVA may be helpful to enable
high flows and reduce hemolysis [51, 52].

While standard VA-cannulation is often performed on the ward with post-hoc imaging to
verify cannula position, the second venous draining cannula should always be placed under
live imaging, such as fluoroscopy or transesophageal echocardiography. Flows from both
venous cannulae are then merged with a Y-connector outside of the body to return to the
ECMO unit via a single tubing (Figure 4). As VVA ECMO is a special form of VA-ECMO with
enhanced drainage, hemodynamic consequences are comparable to VA cannulation (Figure 4).
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VVA

VVA cannulation

RaP decreases

PaPmean decreases

LVEDP may decrease or increase
SBP increases

Vasopressor dose decreases
Inotrope dose decreases

Figure 4. Veno-veno-arterial ECMO (VVA). VVA-ECMO drains venous blood (blue) via the jugular and femoral vein
from the right atrium and returns all drained blood after reoxygenation and decarboxylation (red) to the iliac artery
toward the aorta. The draining flows from the two venous cannulae are merged by a Y-connector.

VVA- N Description Outcomes

ECMO

Fordand 1 Respiratory failure from congenital diaphragmal Surgery for repair of hernia was

Atkinson hernia in a 3000-g newborn. After 24 h, VA-ECMOperformed, ECMO could be removed after
1992 [52] support was insufficient due to limited drainage. weaning. The child was discharged home

Houetal. Sheep
2015 [50]  model

ELSO[5]  Guideline

After upgrade to VVA cannulation, central venousafter 31 days.
oxygen saturation improved, indicating

improvement of drainage and subsequent supply

Animal study investigating the role of different locations of drainage during ECMO support.
Acute respiratory failure was induced while VA-ECMO with inferior vena cava drainage was
running. Severe upper body hypoxemia developed, with no significant effect on blood
pressure. The venous drainage cannula was repositioned to the superior vena cava, and aortic
oxygen saturation increased from 35 to 75%, by this reverting upper body hypoxemia. This
proof-of-principle study demonstrates that bicaval drainage is sufficient to disrupt “two-

circulation syndrome.”

The ELSO guideline for ECMO support in adults describes the option to change VA-

cannulation to VVA-cannulation for improving venous drainage

Table 3. Publications on VVA ECMO support.
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At present, VVA-ECMO has been used in selected cases only (Table 3), and robust study data
do not exist.

3.2. Veno-arterio-venous cannulation (VAYV)

This type of triple cannulation is probably one of the most promising steps forward in complex
clinical situations. VAV-ECMO is used in patients with coexisting severe lung and heart
failure. While the drainage cannula draws blood from the right atrium, the ECMO outflow is
divided into two parts: One toward the aorta and one toward the right atrium (Figure 5). As
such, VAV-ECMO represents a mixture of both VV- and VA-ECMO and provides hemody-
namic and respiratory support at the same time. This approach is sufficient to rescue combined
heart and lung failure in selected cases, such as severe left ventricular failure with secondary
ARDS or right heart decompensation during ARDS.

VAV

VAV cannulation

RaP may decrease

PaPmean may decrease

LVEDP may decrease or increase
SBP increases

Vasopressor dose decreases
Inotrope dose decreases

Figure 5. Veno-arterio-venous ECMO (VAV). VAV-ECMO drains venous blood (blue) from the right atrium and re-
turns balanced volumes blood after reoxygenation and decarboxylation (red) to the iliac artery toward the aorta and to
the right atrium toward the pulmonary circulation. For this purpose, the ECMO outflow is divided by a Y-connector.
Flow through the returning cannulae is balanced with an adjustable clamp and monitored with a separate flow sensor
on the upper return cannula.
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VAV-ECMO N

Description Outcomes

Madershahian et 1
al. 2007 [58]

Stohr etal. 2011 11
(60]

Kustermann et al. 1
2013 [53]

Moravec et al. 20143
[55]

Chung et al. 2014 Review
(51]

Choi et al. 2014 1
[49]

Kim et al. 2014 1
[57]

3 pts. with VA-ECMO for ARDS and
polytrauma. In 1 pt., persistent upper body

Recovery, weaning from ECMO,
discharge
hypoxemia on VA-ECMO, conversion to VAV

30 pts. with ARDS. Of these 18 with VV, 9 with Bleeding in 8 pts., hyperperfusion/leg
VA and 3 with primary VAV cannulation. 8
were upgraded from VV or VA to VAV, and 2
were switched from VV to VA. 11 pts. had

ischemia/wound healing
complications in 1 pt. each. 15 pts.
died on ECMO, 1 pt. died after ECMO
removal. Mortality was higher in the
VV (63%) and the VA cohort (75%)
than in the VAV cohort (27%). Overall,
30-day mortality was 53%. 1 pt. was

subclavian arterial cannulation

bridged to lung transplantation.
During a mean follow-up of 21

months, 3 pts. died

30-year-old pt. with pneumonia, ARDS, and Recovery, weaning from ECMO and

severe septic cardiomyopathy. VA-ECMO was invasive ventilation
expanded to VAV cannulation due to

persistently low Horovitz index on VA-ECMO

74-year-old pt. with pulmonary hypertension ~ Successful ECMO weaning in all

and pulmonary fibrosis, pneumonia, sepsis, and patients. Pt. 1 died from lung fibrosis,
shock. VA-ECMO was expanded to VAV-ECMOpts. 2 and 3 survived with good

via a jugular Shaldon catheter for ARDS. 59- clinical result
year-old obese pt. with cardiogenic shock,

resuscitation during cardiac catheterization and

IABP. VA-ECMO was expanded to VAV-ECMO

via a jugular Shaldon catheter for ARDS. A third

pt. received VAV-ECMO with standard ECMO

cannulae.

Excellent review on monitoring during ECMO support includes a description of the
principle of VAV-ECMO

39-year old pt. with acute myocardial infarction. Successful ECMO and ventilator
VA-ECMO during resuscitation, after 5 days weaning, rehabilitation, uneventful
secondary respiratory failure and upper-body

hypoxemia. Upgrade to VAV-ECMO

recovery at 13 month follow-up

9 pts. with ECMO after resuscitation for near-

drowning. 7 pts. with VA-ECMO, 1 was

All pts. were successfully weaned
from ECMO, 7 pts. survived with a
converted to VV. 1 pt. patient initially received
VAV-ECMO

favorable neurological outcome, 2 pts.
had irreversible hypoxic brain damage

and died. Outcome for the pt. with
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VAV-ECMO N Description Outcomes
VAV-ECMO is not specifically
provided.
Biscotti et al. 2014 21 21 pts. with VAV-ECMO. 11 with primary VAV, 8 pts. died on ECMO, 4 were weaned
[59] 8 with switching from VV to VAV, 1 had lung  from ECMO but died before

transplantation on VA-ECMO and received discharge, 9 survived to discharge. 4
VAV-ECMO as a bridge to VV-ECMO. 1had  of 11 on primary VAV-ECMO

ARDS and upper body hypoxemia on VA- survived, 4 of 8 converted from VV to
ECMO, which was subsequently expanded to VAV survived, 1 of 2 converted from
VAV VA to VAV survived

Ius et al. 2015 [54] 10 9 pts. with VV- and 1 with VA-ECMO, for ARDS3 pts. were successfully bridged to

or other forms of lung failure. All were switched lung transplantation, 2 of which
to VAV cannulation for new onset heart failure survived to hospital discharge. 4 were

(right heart failure, pericardial tamponade or  successfully weaned off ECMO, 3 of

mitral regurgitation). which survived to discharge. 3 pts.
died on ECMO
Lee etal. 2016 [61] 1 27-year-old pt. with ARDS from concurrent Successful ECMO and ventilator
pneumonia and acute myocarditis. Primary weaning, discharge

VAV-ECMO for ARDS and cardiogenic shock

Jeon et al 2016 [62] 1 45-year old pt. with exacerbated asthma. VV-  Successful ECMO and ventilator
ECMO for hypoxia despite mechanical weaning, rehabilitation, discharge
ventilation. Development of cardiogenic shock
from Takotsubo syndrome, switch to VAV-

ECMO, followed by reversion to VV-ECMO 3
days later

ELSO [5] Guideline The ELSO guideline for ECMO support in adults describes to convert VA to VAV

cannulation when severe respiratory failure occurs

pt, patient, pts, patients.

Table 4. Publications on VAV-ECMO support.

VAV cannulation is in most cases initiated as an “upgrade” from VV or VA-ECMO, either
when lung failure develops during heart failure on VA-ECMO or when heart failure develops
during lung failure on VV-ECMO. In the former situation, e.g., when pulmonary edema, severe
pneumonia, or ventilator-associated lung injury occur on VA-ECMO, myocardial and cerebral
oxygenation may be severely compromised. This is a result from the watershed phenomenon,
with cyanosis in the upper body and sufficient oxygenation in the lower body distal to the
watershed. This has also been termed differential hypoxia or “two-circulation syndrome” [49,
50]. Then a third cannula can be introduced for supplying preoxygenated blood to the lungs,
as such adding a VV-ECMO component to a running VA-ECMO.
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In the latter situation, preoxygenated blood enters the pulmonary circuit, since the patient is
already on VV-ECMO. However, when left-sided heart failure develops, e.g., by septic
cardiomyopathy or myocarditis, insufficient cardiac output will emerge as a major problem
irrespective of good oxygenation of venous blood [53, 54]. In this case, a third cannula can be
introduced to supply blood toward the aorta, with the intention to add a VA-ECMO
component to the running VV-ECMO. Until now, some case series and small observational
studies have demonstrated that VAV-ECMO may be used with well acceptable safety and
convincing efficacy [49, 53-62] (Table 4); however, prospective or controlled data are still
missing.

For VAV cannulation, usually the right jugular vein and the femoral vein and artery are used
as vascular access. The venous cannula tips should be positioned at the border between the
caval veins and the right atrium, comparable to VV-ECMO (Figures 5 and 1). VV-ECMO
running with a bicaval dual-lumen cannula may also be upgraded to VAV cannulation, with
the drainage lumen being connected to ECMO input and the return lumen to ECMO output.
In principle, ECMO outflow is divided using a Y-connector, for one cannula returning blood
toward the central aorta and one returning blood toward the right atrium (Figure 5). The flow
in both cannulae, which of course also depends on cannula diameters, is balanced by using an
adjustable clamp and monitored by a flow sensor (Figure 5). This is necessary, since the
demand of arterialized blood flow on each return cannula varies from patient to patient and
over time. Every change in flow balance will have an influence on preload, afterload, the
watershed position, and oxygen saturations at the same time. Modifications of oxygenator and
sweep gas settings will also influence oxygen saturation and carbon dioxide content in both
reinfusion cannulae at the same time. Therefore, during VAV-ECMO support, repetitive
echocardiography and continuous upper- and lower-body oxygenation surveillance are
mandatory to assess right and left ventricular filling and function, respectively as well as tissue
oxygenation. Respiratory support by VAV-cannulation is sufficient in most cases as it allows
for lung protective ventilation, but hemodynamic support is lower compared to VA or VVA
cannulation [54].

3.3. Veno-arterio-pulmonary-arterial cannulation (VAPa)

This is a special variant of VAV cannulation. It has not been validated in studies and is just
described here for the purpose of completeness. While VAV-ECMO combines the features of
VV and VA ECMO, VAPa ECMO intends to further support right heart failure during VAV-
ECMO. For this purpose, the returning venous cannula is forwarded through the tricuspid
valve, the right ventricle, and the pulmonary valve to the pulmonary artery (Figure 6). This
has to be performed under angiographic (or transesophageal echocardiographic) guidance,
and for this purpose a flexible 17 French cannula has to be used, as for VPa cannulation. The
smaller inner diameter of that cannula intrinsically influences the flow balance of both return
cannulae, which is further adjusted by a clamp and monitored by a flow sensor as with VAV-
ECMO. Similar to VA and VPa cannulation, the draining cannula tip should be positioned in
the mid right atrium to facilitate homogenous drainage of the upper and lower body.



Triple Cannulation ECMO
http://dx.doi.org/10.5772/63392

By VAPa-ECMO, the right heart is bypassed, and as such right-sided heart failure on VAV-
ECMO or left-sided heart failure on VPa-ECMO can be bridged but requires a competent
pulmonary valve. Again, it has to be noted that this type of ECMO is novel, as such experi-
mental and has not been validated in clinical trials. An existing transfemoral venous ECMO
cannulation does not allow for additional implantation of a microaxial right heart-assist device
(Impella RP®, Abiomed). Thus, the combination of VA-ECMO and Impella RP® is not an
option, and in contrast to VPa-ECMO, this approach would not offer oxygenation and
decarboxylation of pulmonary blood.

VAPa cannulation

RaP decreases

PaPmean increases

LVEDP may increase

SBP increases

Vasopressor dose decreases
Inotrope dose decreases

Figure 6. Veno-arterio-pulmonary arterial ECMO (VAPa). VAPa-ECMO drains venous blood (blue) from the right at-
rium and returns balanced volumes blood after reoxygenation and decarboxylation (red) to the iliac artery toward the
aorta and to the pulmonary artery. For this purpose, the ECMO outflow is divided by a Y-connector. Flow through the
returning cannulae is balanced with an adjustable clamp and monitored with a separate flow sensor on the upper re-
turn cannula.

4. Summary

VV and VA cannulation are the most common configurations of percutaneous ECMO support,
serving to bridge severe respiratory and cardiac failure, respectively. VPa cannulation is a
novel modification of VV ECMO to support respiratory failure complicated by right heart
failure. Recently, triple cannulation ECMO has been introduced, either VVA cannulation for
improved drainage or VAV cannulation for combined lung and heart failure. VAV may further
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be modified to VAPa cannulation, mainly for severe right heart failure during VAV-ECMO.
Novel and triple cannulations expand the spectrum of ECMO in special clinical situations;
however, such configurations are even more complex than standard ECMO and require most
intense monitoring and awareness. Notwithstanding these promising developments, we need
prospective controlled trials of standard and advanced ECMO configurations to unequivocally
assess safety and efficacy and to identify predictors of initiation and weaning of mechanical
support.
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