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Purpose of review
The applications for extracorporeal membrane oxygenation for lung support are constantly evolving. This
review highlights fundamental concepts in extracorporeal lung support and describes directions for future
research.
Recent findings
Since the 1950s, extracorporeal lung support has experienced continuous advancements in circuit design
and safety in acute respiratory distress syndrome, chronic obstructive pulmonary disease exacerbations,
as a bridge to transplantation, infraoperative cardiopulmonary support, and for transportation to referral
centers. Patients on extracorporeal membrane oxygenation are now capable of being awake, extubated,
and ambulatory for accelerated recovery or optimization for transplantation.
Summary
Extracorporeal lung support is a safe and an easily implemented intervention for refractory respiratory
failure. Recent advances have extended its use beyond acute illnesses and the developments for chronic
support will facilitate the development of durable devices and possible artificial lung development.
Keywords
acute respiratory distress syndrome, artificial lung, bridge fo transplant, extracorporeal membrane
oxygenation, hypercapnic respiratory failure
INTRODUCTION extracorporeal circulation for as long as 4 days [2].

Extracorporeal membrane oxygenation (ECMO) is
a modified form of cardiopulmonary bypass that
provides tissue oxygen delivery in the setting of
cardiac, pulmonary, or combined cardiopulmonary
failure. In this review, we describe the evolution of
ECMO, focusing primarily on extracorporeal lung
support, its current applications, complications, and
future directions.

ECMO traces its roots to the first heart-lung
machine designed by John Gibbon in 1953, which
laid the foundation for advances in cardiopulmo-
nary bypass. However, the direct exposure of deoxy-
genated blood to oxygen in the original oxygenator
caused high levels of hemolysis, often leading to
multiorgan failure, death, or refractory circulatory
shock if the device was used for more than an hour.

In 1965, Dr Robert Bartlett, a surgical resident
working at the Boston Children’s Hospital, was
encouraged by Dr Robert E. Gross to develop a
means of supporting children on extracorporeal
circulatory support until their native hearts recov-
ered. Supervised by Dr Francis Moore, and with the
assistance of engineer Phil Drinker, Bartlett and
Drinker developed a membrane lung capable of
efficient gas exchange with limited blood damage
[1]. By 1968, they were maintaining animals on
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Shortly thereafter, Kolobow et al. [3] developed
a silicon-based oxygenator that could provide pro-
longed support and would form the basis for one of
the first commercially available oxygenators.

In the early 1970s, the three major research
laboratories working on studying extracorporeal cir-
culation were Bartlett at The University of California
at Irvine, Kolobow at the NIH, and Don Hill at San
Francisco Medical Center [4]. The first successful
use of ECMO in an adult was in 1971 to treat a
young man with acute respiratory distress syndrome
(ARDS) after trauma [5]. After several more success-
ful cases were reported, the National Institutes of
Health sponsored a prospective randomized multi-
center trial of ECMO for ARDS in adults [6]. The
study was aborted for lack of efficacy after a 90%
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Thoracic anesthesia

KEY POINTS

e ECMO in the form of lung support is a safe and
reliable therapy for refractory respiratory failure.

e The applications of ECMO are continuing to expand
from ARDS to hypercapnic respiratory failure, as a
bridge to transplantation, and for pulmonary support in
the operating room, among others.

e Patients on ECMO for lung support are now able to be
awake, extubated, and ambulatory.

e ECMO transport is safe and reliable when performed
by regional centers of excellence.

e Future patients requiring chronic support are
anticipated to be on home ECMO or have
paracorporeal artificial lungs implanted for
destination therapy.

mortality rate was reported for both ECMO and
control groups. Although this trial was criticized
for its lack of protocol standardization and reliance
on inexperienced centers, its publication effectively
halted ECMO development for ARDS for nearly
two decades. Fortunately, trials in newborn infants
for neonatal respiratory failure demonstrated
significant improvement in survival and encour-
aged the development of ECMO programs at most
major children’s hospitals by 1990.

It would be nearly two decades before ECMO
experienced a resurgence of interest in adults which
was further bolstered in 2009, when the HIN1
influenza epidemic caused thousands of cases
of respiratory failure and septic shock [7,8]. The
Australian and New Zealand critical care research
group reported that ECMO was one of the only
interventions that improved survival with 79% sur-
vival in patients with severe ARDS [9]. Around this

same time, there were major improvements made
to the ECMO devices including more efficient oxy-
genators, less thrombotic centrifugal pumps, and
improved percutaneous vascular access cannulas.

CIRCUITRY

A standard ECMO circuit is comprised of a mech-
anical pump, gas exchange device, a heat exchanger,
tubing, and cannulae that are connected in various
configurations depending upon the physiologic
needs of the patient.

Configurations

The most common ECMO configurations are veno-
venous and venoarterial. In venovenous ECMO,
blood is withdrawn from and returned to the central
venous system after passing through a pump and
oxygenator. This provides respiratory support but
no direct hemodynamic support and can occur via
either a dual-site or single-site configuration (Fig. 1).
In contrast, venoarterial ECMO draws blood from
a central vein and returns it to a peripheral or central
artery, providing cardiopulmonary and direct
hemodynamic support.

These configurations can be augmented with
additional venous or arterial limbs depending
on the evolving disease process and physiologic
demands of the patient. Patients on venovenous
ECMO who develop cardiogenic shock can be sup-
ported by splicing an arterial limb into the reinfusion
line for hemodynamic support [venovenous-arterial
(VVA) ECMO]. Likewise, patients receiving venoarte-
rial ECMO can have additional venous reinfusion
cannulas spliced into the circuit to deliver oxygen-
ated blood into the jugular vein for improved oxygen
delivery to the coronary and carotid circulations
[venoarterial-venous (VAV) ECMO]. The relative

FIGURE 1. (a) Twos-site venovenous extracorporeal membrane oxygenation (ECMO) cannulation. (b) Single-site approach to
venovenous ECMO cannulation with double-lumen cannula. Venous blood is drained from ports in the drainage lumen from
the superior and inferior vena cavae. Oxygenated blood returns through second lumen and directs flow across tricuspid valve.

Reprinted with permission of collectmed.com.
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FIGURE 2. Extracorporeal membrane oxygenation configuration characteristics. ASD, atrial septal defect; DO,, delivery of
oxygen; LV, left ventricle; mPAP, mean pulmonary artery pressure; PA-LA, pulmonary artery to left atrium; RV, right ventricle;
VA, venoarterial; VAV, venoarterial-venous; VV, venovenous; +, minimal; ++, moderate; +++, good; ++++, excellent; (—),

no advantage. Adapted from [10].

characteristics of each circuit configuration are
presented in Fig. 2 [10].

Pumps

Mechanical blood pumps are necessary for ensuring
controlled and reliable flow through the circuitry
and the patient. The two most widely used types are
roller pumps and centrifugal pumps.

Roller pumps

Roller pumps were the primary pump used for
ECMO wuntil the advent of centrifugal pumps.
Although these pumps provide reliable flow, the
tubing is subject to wear, which can result in spal-
lation, whereby fragments of tubing slough off the
luminal surface into the blood and act as potential
microemboli [11]. Moreover, roller pumps are after-
load insensitive, meaning that there is no limit to
their infusion pressure even if there is an upstream
occlusion. This significantly increases the risk of
circuit blowout and rupture or harm to the patient.

Centrifugal pumps

Centrifugal pumps convert rotational energy from a
spinning rotor into kinetic energy to generate flow
and pressure. These pumps tend to be more durable,
compact, and lightweight than roller pumps and are
afterload sensitive, which makes circuit rupture
extremely rare but can result in decreased flows
in the setting of excessive systemic vascular resist-
ance or mean arterial pressure in venoarterial-
ECMO configurations.

Oxygenators

ECMO circuits employ oxygenators to provide gas
exchange by adding O, and removing CO, from
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the blood. Blood and gas flow follow a counter-
current pathway to permit gas exchange via
diffusion across a semi-permeable membrane.
Initially made from silicone rubber, most modern
oxygenators are made from hollow fibers of poyl-
methylpentene, which provide very efficient gas
exchange and a low resistance to flow in a very
compact surface area.

Vascular cannulas

The cannulas of the ECMO circuit come in two
varieties, which permit providers to adopt a custom-
ized cannulation strategy for their patients. Single-
lumen cannulas are used to provide multiple site
access in venoarterial or venovenous ECMO, typi-
cally in the femoral veins and right internal jugular
(venovenous) or the femoral vein and artery (per-
ipheral venoarterial). Bicaval dual-lumen cannulas
have been developed to provide venovenous sup-
port through a single jugular venous access site with
placement facilitated by fluoroscopic or ultrasound
guidance [12]. Blood is drained through one lumen
and returned through another port located some
distance away to limit recirculation within the
ECMO circuit.

Circuit monitoring

One of the fundamental principles in an ECMO
circuit is to limit the size of blood to artificial
surface interface. The exposure of blood to a non-
biologic surface initiates a cascade of inflammatory
and coagulation pathways. Although biocompatible
linings are used to reduce bleeding and thrombosis,
none have proven to eliminate these reactions
completely. Most experienced centers minimize
tubing length and connectors within the circuit to
reduce thrombogenicity.

www.co-anesthesiology.com 3
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CURRENT APPLICATIONS

Pulmonary applications: extracorporeal lung
support

Acute respiratory distress syndrome

One of the original and most studied applications
of ECMO is for ARDS to ensure adequate tissue
oxygenation during the recovery of native pulmon-
ary function. Pivotal studies supporting the efficacy
of ECMO for ARDS include the Australian and New
Zealand group study that demonstrated greater than
70% survival to discharge in their HIN1-induced
ARDS patients treated with ECMO [8]. Peek et al. [13]
conducted a randomized control trial based in the
UK called the CESAR trial, showing that patients
with ARDS who were referred to an ECMO center
had significantly improved survival 6 months from
discharge than those who were not referred and
treated with medical management alone. Notably,
this trial was criticized for methodologic limitations
as well as not including an ECMO transport service.
The REVA study group published their results using
ECMO for H1N1-associated ARDS and identified
at 1 year post-ICU discharge that 83% of patients
treated with ECMO had returned to work vs. 64%
of non-ECMO treated patients [14]. Currently, an
ongoing international multicenter randomized trial
- the Extracorporeal Oxygenation for Severe Acute
Respiratory Distress Syndrome (EOLIA) - is under-
way to assess the efficacy of early venovenous-
ECMO in patients with severe ARDS.

Hypercapnic respiratory failure

Chronic obstructive pulmonary disease (COPD) is
the third most common cause of adult death in the
USA. Acute exacerbations can result in hypercapnic
respiratory failure necessitating intubation and
mechanical ventilation. Although noninvasive
ventilation remains a viable alternative, a significant
number of patients fail this intervention with unac-
ceptably high morbidity and mortality [15]. In 2009,
Dr Zwischenberger’s group successfully used venove-
nous-ECMO for carbon dioxide removal (ECCO,R)
in a hypercarbic patient with COPD [16]. In 2013, the
Columbia University group used ECCO,R to facilitate
extubation in five patients with COPD, all of whom
had failed to wean from the ventilator. These patients
were extubated in a median time of 4h and most
were ambulatory within 24 h of venovenous ECMO
initiation [17]. Since that time, there have been
multiple reports supporting the efficacy of venove-
nous ECMO in treating hypercapnic respiratory
failure in COPD and reducing intubation time or
preventing it altogether [18%19,20].

4 www.co-anesthesiology.com

Bridge to transplant

ECMO is being used more frequently as a bridge
to lung transplantation (BTT) for patients who are
failing optimal medical management in the wake
of increasing lung allocation scores without a con-
comitant rise in suitable donor organs. Although
early endeavours at BTT were not very successful,
multiple high-volume centers have shown that
BTT has comparable outcomes with patients not
requiring support [21-24].

Our institution employs a multidisciplinary
ECMO team approach for BTT decision-making.
Factors used in deciding whether patients will benefit
from BTT are age, functional status on admission,
underlying disease, infection or other organ system
dysfunction, and anticipated waitlist time. We
developed a clinical decision-making algorithm to
optimize ECMO configurations and cannulation
strategies based on the patient’s pathophysiology
(Fig. 3) [10].

One of the primary goals of using ECMO asa BTT
is to optimize transplant candidates before trans-
plantation to improve postprocedural outcomes. A
cornerstone to this philosophy is ambulation,
which depends on optimal cannulation configur-
ations and early physiotherapy, with patients being
mobilized as early as ECMO day 1 (Fig. 4) [25™]. We
also aim to cannulate patients without intubation
or general anesthesia whenever possible. This form
of ‘awake ECMO’ with spontaneously breathing
patients has been shown to be a safe and effective
approach to BTT [26,27,28%].

Intraoperative extracorporeal membrane
oxygenation

ECMO is increasingly being used for intraoperative
cardiopulmonary support. Although the use of car-
diopulmonary bypass has long been a component
of cardiothoracic surgery, ECMO has been found
to reduce perioperative blood transfusion require-
ments, possibly reduce the incidence of primary
graft dysfunction, and shorten overall hospital
length of stay in lung transplantation [29*%,30,31].
Many lung transplant teams have shifted from car-
diopulmonary bypass to the use of ECMO for car-
diopulmonary support during lung transplantation
because of these benefits. Careful anesthesia man-
agement must be employed in these cases because of
the effects of the oxygenator on anesthetic agents
and concerns for air entrainment through central
lines into venoarterial ECMO circuits.

ECMO has also found utility in other forms of
thoracic surgery. There have been several studies
[32-335] demonstrating ECMO as a safe and useful
approach to complex tracheobronchial surgery in
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FIGURE 3. Decision algorithm. ASD, atrial septal defect; BTT, bridge to lung transplantation; DLSC, dual-lumen, single
cannula; ECMO, extracorporeal membrane oxygenation; MDR, multidrug resistant; MOF, multiorgan failure; PA-LA,
pulmonary artery to left atrium; PH, pulmonary hypertension; RlJ, right internal jugular vein; SCA, subclavian artery; VA,
venoarterial; VV, venovenous; VVA, venovenous-arterial. Adapted from [10].

neonates and adults as well as in patients with
central airway obstruction. Intraoperative ECMO
has been employed in pneumonectomy cases to
permit early extubation and thereby prevent
positive-pressure ventilation associated pneumonia,

FIGURE 4. Patient with ‘Sport Model’ as BTT during
ambulation. Reproduced by courtesy of New York
Presbyterian/Columbia University Medical Center, New
York, NY. BTT, bridge fo lung transplantation.
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stump breakdown, or bronchoplueral fistula post
lung resection [36,37].

Novel applications

The applications of ECMO for respiratory failure
have substantially broadened. ECMO has been used
successfully for bridge to recovery (BTR) and BTT
for pulmonary arterial hypertension (PAH) patients
with decompensated right heart failure — a patient
population who often suffer from long waitlist times
and were previously thought to be incapable of
weaning off ECMO in BTR [38]. Columbia Univer-
sity reported the largest series on the use of ECMO
during pregnancy and for postpartum compli-
cations of various etiologies with favorable maternal
and fetal outcomes [397]. Finally, the transport of
critically ill patients on ECMO to tertiary care cen-
ters for advanced cardiopulmonary failure manage-
ment has been demonstrated to be both feasible
and safe with dedicated teams and management
protocols [40%,41]. Most institutions employ a
hub-and-spoke model in which local hospitals
can transport critically ill patients for tertiary levels
of care to a regional center of excellence. However,
a select few centers perform complex, long-distance
transports, including trans-continental flights. Our
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hospital utilizes a multidisciplinary team approach
to evaluate the patients, choose the ideal ECMO
transport cannulation configuration, and select
the safest mode of transport. ECMO transport
indications are inclusive of standard ECMO
indications and range from primary acute respirat-
ory failure such as ARDS to complex cardiac and
cardiopulmonary diseases in which patients may
require ventricular assist devices or transplant
evaluations. In our institution, we developed stand-
ardized protocols for the pre-initiation process,
transport equipment, ventilator management, and
team structure.

COMPLICATIONS

The most commonly cited complication of ECMO is
nonintracranial bleeding associated with cannula
insertion sites, followed by renal failure warranting
dialysis or hemofiltration. In Gray et al.’s [42™"] 2015
review of the 2000 patients at the University of
Michigan, the incidence of these complications
were 39 and 31%, respectively. Mechanical compli-
cations are relatively rare in ECMO, and in the
aforementioned series — the largest published single
center series — the least common complications
were pump malfunction (2%) and air entry into
the circuit (8%) [42""]. Other centers have reported
significantly lower complication rates, which may
reflect improvements in device technology and
management protocols [43"].

FUTURE DIRECTIONS

ECMO has experienced major advancements since
its infancy in the early 1970s. No longer are patients
required to be intubated, sedated, and immobilized
in bed. Well-selected patients are extubated, awake,
and can be ambulatory. The concept of ‘irreversible’
lung failure is being redefined as patients are now
capable of remaining on ECMO for lung recovery for
months instead of days. We anticipate further
improvements in the use of ECMO as technological
improvements come to market.

Circuits/anticoagulation

Current circuits have a heparin-based nonthrombo-
genic coating that minimizes, but does not elimin-
ate the need for anticoagulation. One solution in
development is the use of nitric oxide eluting
materials to inhibit coagulation at the level of initial
platelet adhesion [44-46]. In the meantime, there
have been reports advocating for a shift from unfrac-
tionated heparin for anticoagulation during ECMO
to direct thrombin inhibitors due to their rapid

6 www.co-anesthesiology.com

on/offset and superior safety profiles [47]. The
Regensberg group also reported on their concom-
itant use of aspirin for ECMO [48].

Patient management

With more reliable devices, it is likely that many
ECMO patients will not require ICU level care.
Managing these patients in stepdown units may
engender the development of ECMO units for
patients on chronic ECMO - similar to those used
in advanced heart failure patients.

Artificial lungs

Unlike patients who receive left ventricular assist
devices for long-term hemodynamic support,
patients requiring long-term ECMO cannot leave
the hospital. The concept of an artificial lung, with
conduits attached to the native circulation and
a paracorporeal membrane oxygenator would
permit patients to go home on ECMO and create
the option of destination therapy for end-stage
lung disease patients who are not transplant
candidates. Groups have used devices to manage
patients with pulmonary hypertension by inserting
an oxygenator between a pulmonary artery to left
atrium conduit [49"], which conceptually works as a
paracorporeal lung.

CONCLUSION

ECMO is a resource-intensive form of lung support
that requires significant institutional commitment
and well-trained physicians, nurses, and ancillary
staff to ensure good outcomes. Despite the high level
of infrastructure required, there are clear benefits to
its use in patients with acute respiratory illness
such as ARDS from pneumonia, complex intraoper-
ative support requirements, BTR for chronic lung
disease patients with acute exacerbations such as
COPD or PAH, and BTT for decompensated lung
transplant candidates. With the rise of multidiscipli-
nary teams and improvements in the reliability
of ECMO equipment, regional centers have devel-
oped robust ECMO transport systems to extend
care to patients who otherwise would not be stable
enough to transport to tertiary care centers. With
the pace of recent innovations, it is possible to
imagine ECMO technology laying the groundwork
for outpatient chronic ECMO management and
artificial lungs for destination therapy.

Acknowledgements
None.

Volume 29 e Number 00 o Month 2016

Copyright © 2016 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



Extracorporeal lung support Salna and Bacchetta

Financial support and sponsorship

This work was supported by the Department of Surgery,
Columbia/NewYork-Presbyterian Hospital, New York,
NY.

Conflicts of interest
There are no conflicts of interest.

REFERENCES AND RECOMMENDED
READING

Papers of particular interest, published within the annual period of review, have
been highlighted as:

m  of special interest

mm  of outstanding interest

1. Drinker PA, Bartlett RH, Bialer RM, Noyes BS Jr. Augmentation of mem-
brane gas transfer by induced secondary flows. Surgery 1969; 66:
775-781.

2. Bartlett RH, Isherwood J, Moss RA, et al. A toroidal flow membrane
oxygenator: four day partial bypass in dogs. Surg Forum 1969;
20:152-1583.

3. Kolobow T, Zapol WM, Sigman RL, Pierce J. Partial cardiopulmonary bypass
lasting up to seven days in alert lambs with membrane lung blood oxygenation.
J Thorac Cardiovasc Surg 1970; 60:781-788.

4. Hill JD, Bramson ML, Rapaport E, et al. Experimental and clinical experiences
with prolonged oxygenation and assisted circulation. Ann Surg 1969;
170:448-459.

5. HillJD, O'Brien TG, Murray JJ, et al. Prolonged extracorporeal oxygenation for
acute post-traumatic respiratory failure (shock-lung syndrome). Use of the
Bramson membrane lung. N Engl J Med 1972; 286:629-634.

6. Zapol WM, Snider MT, Hill JD, et al. Extracorporeal membrane oxygenation in
severe acute respiratory failure. A randomized prospective study. JAMA 1979;
242:2193-2196.

7. Sauer CM, Yuh DD, Bonde P. Extracorporeal membrane oxygenation use has
increased by 433% in adults in the United States from 2006 to 2011. ASAIO
J 2015; 61:31-36.

8. Webb SA, Pettila V, Seppelt |, et al. Critical care services and 2009 H1N1
influenza in Australia and New Zealand. N Engl J Med 2009; 361:1925-
1934.

9. Davies A, Jones D, Bailey M, et al. Extracorporeal membrane oxygenation for
2009 influenza A (H1N1) acute respiratory distress syndrome. JAMA 2009;
302:1888-1895.

10. Biscotti M, Sonnet J, Bacchetta M. ECMO as a bridge to lung transplant.
Thorac Surg Clin 2015; 25:17-25.

11. Peek GJ, Thompson A, Killer HM, Firmin RK. Spallation performance of
extracorporeal membrane oxygenation tubing. Perfusion 2000; 15:457 -466.

12. Javidfar J, Wang D, Zwischenberger JB, et al. Insertion of bicaval dual lumen
extracorporeal membrane oxygenation catheter with image guidance. ASAIO
J 2011; 57:203-205.

13. Peek GJ, Mugford M, Tiruvoipati R, et al. Efficacy and economic assessment
of conventional ventilatory support versus extracorporeal membrane oxygena-
tion for severe adult respiratory failure (CESAR): a multicentre randomised
controlled trial. Lancet 2009; 374:1351-1363.

14. Luyt CE, Combes A, Becquemin MH, et al. Long-term outcomes of pandemic
2009 influenza A(H1N1)-associated severe ARDS. Chest 2012; 142:583—
592.

15. Chandra D, Stamm JA, Taylor B, et al. Outcomes of noninvasive ventilation for
acute exacerbations of chronic obstructive pulmonary disease in the United
States, 1998-2008. Am J Respir Crit Care Med 2012; 185:152-159.

16. Cardenas VJJr, Lynch JE, Ates R, et al. Venovenous carbon dioxide removal in
chronic obstructive pulmonary disease: experience in one patient. ASAIO J
2009; 55:420-422.

17. Abrams DC, Brenner K, Burkart KM, et al. Pilot study of extracorporeal carbon
dioxide removal to facilitate extubation and ambulation in exacerbations of
chronic obstructive pulmonary disease. Ann Am Thorac Soc 2013; 10:307 —
314.

18. Del Sorbo L, Pisani L, Filippini C, et al. Extracorporeal CO, removal in
m  hypercapnic patients at risk of noninvasive ventilation failure: a matched
cohort study with historical control. Crit Care Med 2015; 43:120-127.

An interesting study demonstrating a significantly reduced risk of intubation in
patients with acute hypercapnic respiratory failure put on ECMO compared with
those treated with noninvasive ventilation alone (HR: 0.27, 95% CI: 0.07-0.98,

P=0.047).

19. Kluge S, Braune SA, Engel M, et al. Avoiding invasive mechanical ventilation
by extracorporeal carbon dioxide removal in patients failing noninvasive
ventilation. Intensive Care Med 2012; 38:1632-1639.

0952-7907 Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.
Copyright © 2016 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

20. Braune S, Sieweke A, Brettner F, et al. The feasibility and safety of extra-
corporeal carbon dioxide removal to avoid intubation in patients with COPD
unresponsive to noninvasive ventilation for acute hypercapnic respiratory
failure (ECLAIR study): multicentre case-control study. Intensive Care Med
2016; 42:1437-1444.

21. Toyoda Y, Bhama JK, Shigemura N, et al. Efficacy of extracorporeal membrane
oxygenation as a bridge to lung transplantation. J Thorac Cardiovasc Surg
2013; 145:1065-1070.

22, Javidfar J, Brodie D, Iribarne A, et al. Extracorporeal membrane oxygenation as
a bridge to lung transplantation and recovery. J Thorac Cardiovasc Surg
2012; 144:716-721.

23. Hoopes CW, Kukreja J, Golden J, et al. Extracorporeal membrane oxygenation
as a bridge to pulmonary transplantation. J Thorac Cardiovasc Surg 2013;
145:862-867.

24, Mason DP, Thuita L, Nowicki ER, et al. Should lung transplantation be
performed for patients on mechanical respiratory support? The US experi-
ence. J Thorac Cardiovasc Surg 2010; 139:765-773.

25. Biscotti M, Bacchetta M. The “Sport Model": extracorporeal membrane

mm oxygenation using the subclavian artery. Ann Thorac Surg 2014;
98:1487-1489.

An article presenting a unique ECMO cannulation strategy for cardiopulmonary

failure that permits ambulation.

26. Abrams DC, Brodie D, Rosenzweig EB, et al. Upper-body extracorporeal
membrane oxygenation as a strategy in decompensated pulmonary arterial
hypertension. Pulm Circ 2013; 3:432-435.

27. Nosotti M, Rosso L, Tosi D, et al. Extracorporeal membrane oxygenation with
spontaneous breathing as a bridge to lung transplantation. Interact Cardio-
vasc Thorac Surg 2013; 16:55-59.

28. Biscotti M, Vail E, Cook KE, et al. Extracorporeal membrane oxygenation with

m  subclavian artery cannulation in awake patients with pulmonary hypertension.
ASAIO J 2014; 60:748-750.

Unique case report of three patients with pulmonary hypertension placed on

venoarterial ECMO with subclavian artery cannulation while awake and

extubated.

29. Bermudez CA, Shiose A, Esper SA, et al. Outcomes of intraoperative

mm venoarterial extracorporeal membrane oxygenation versus cardiopulmonary
bypass during lung transplantation. Ann Thorac Surg 2014; 98:
1936-1942.

The first major study demonstrating the safety and postoperative benefits of ECMO

in lung transplantation compared with cardiopulmonary bypass.

30. Biscotti M, Yang J, Sonett J, Bacchetta M. Comparison of extracorporeal
membrane oxygenation versus cardiopulmonary bypass for lung transplanta-
tion. J Thorac Cardiovasc Surg 2014; 148:2410-2415.

31. Machuca TN, Collaud S, Mercier O, et al. Outcomes of intraoperative
extracorporeal membrane oxygenation versus cardiopulmonary bypass
for lung transplantation. J Thorac Cardiovasc Surg 2015; 149:
11562-1157.

32. Hong Y, Jo KW, Lyu J, et al. Use of venovenous extracorporeal membrane
oxygenation in central airway obstruction to facilitate interventions leading to
definitive airway security. J Crit Care 2013; 28:669-674.

33. Kunisaki SM, Fauza DO, Craig N, Jennings RW. Extracorporeal membrane
oxygenation as a bridge to definitive tracheal reconstruction in neonates.
J Pediatr Surg 2008; 43:800-804.

34. Lang G, Ghanim B, Hotzenecker K, et al. Extracorporeal membrane oxygena-
tion support for complex tracheo-bronchial procedures. Eur J Cardiothorac
Surg 2015; 47:250-255.

35. Kim CW, Kim do H, Son BS, et al. The feasibility of extracorporeal membrane
oxygenation in the variant airway problems. Ann Thorac Cardiovasc Surg
2015; 21:517-522.

36. Redwan B, Ziegeler S, Freermann S, et al. Intraoperative veno-venous
extracorporeal lung support in thoracic surgery: a single-centre experience.
Interact Cardiovasc Thorac Surg 2015; 21:766-772.

37. Gillon SA, Toufektzian L, Harrison-Phipps K, et al. Perioperative extracorpor-
eal membrane oxygenation to facilitate lung resection after contralateral
pneumonectomy. Ann Thorac Surg 2016; 101:e71-e73.

38. Rosenzweig EB, Brodie D, Abrams DC, et al. Extracorporeal membrane
oxygenation as a novel bridging strategy for acute right heart failure
in group 1 pulmonary arterial hypertension. ASAIO J 2014; 60:
129-133.

39. Agerstrand C, Abrams D, Biscotti M, et al. Extracorporeal membrane oxyge-

m nation for cardiopulmonary failure during pregnancy and postpartum. Ann
Thorac Surg 2016; 102:774-779.

An interesting study illustrating ECMO's utility in severe respiratory failure during

pregnancy and the postpartum period with favorable maternal and fetal

outcomes.

40. Bryner B, Cooley E, Copenhaver W, et al. Two decades’ experience with

= interfacility transport on extracorporeal membrane oxygenation. Ann Thorac
Surg 2014; 98:1363-1370.

The first major study demonstrating the feasibility and safety of interfacility

transport of critically ill patients on ECMO.

41. Biscotti M, Agerstrand C, Abrams D, et al. One hundred transports on
extracorporeal support to an extracorporeal membrane oxygenation center.
Ann Thorac Surg 2015; 100:34-39.

www.co-anesthesiology.com 7



Thoracic anesthesia

42. Gray BW, Haft JW, Hirsch JC, et al. Extracorporeal life support: experience

mm  with 2,000 patients. ASAIO J 2015; 61:2-7.

The largest single center experience of ECMO patients and presentation of

complication rates.

43. Agerstrand CL, Burkart KM, Abrams DC, et al. Blood conservation in extra-

m  corporeal membrane oxygenation for acute respiratory distress syndrome.
Ann Thorac Surg 2015; 99:590-595.

An important study validating the implementation of a blood conservation protocol

— through reductions of hemoglobin transfusion trigger, among others. This

protocol reduced transfusion requirements, bleeding complications, and was

associated with comparable survival and organ recovery outcomes.

44. Annich GM, Meinhardt JP, Mowery KA, et al. Reduced platelet activation and
thrombosis in extracorporeal circuits coated with nitric oxide release poly-
mers. Crit Care Med 2000; 28:915-920.

45. Amoako KA, Cook KE. Nitric oxide-generating silicone as a blood-contacting
biomaterial. ASAIO J 2011; 57:539-544.

8 www.co-anesthesiology.com

46. Amoako KA, Montoya PJ, Major TC, et al. Fabrication and in vivo thrombo-
genicity testing of nitric oxide generating artificial lungs. J Biomed Mater Res A
2013; 101:3511-3519.

47. Coughlin  MA, Bartlett RH. Anticoagulation for extracorporeal life
support: direct thrombin inhibitors and heparin. ASAIO J 2015; 61:
652-655.

48. Bein T, Zimmermann M, Philipp A, et al. Addition of acetylsalicylic acid to
heparin for anticoagulation management during pumpless extracorporeal lung
assist. ASAIO J 2011; 57:164-168.

49. Patil NP, Mohite PN, Reed A, et al. Modified technique using Novalung as

m  bridge to transplant in pulmonary hypertension. Ann Thorac Surg 2015;
99:719-721.

First description of an adult patient with PAH in refractory right ventricular failure

with a left pulmonary artery to left atrium bypass with a commercially available

artificial lung.

Volume 29 e Number 00 o Month 2016

Copyright © 2016 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



