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Acute respiratory distress syndrome in the cardiothoracic
patient: State of the art and use of veno-venous
extracorporeal membrane oxygenation
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Escalation of support
Acute respiratory distress syndrome (ARDS) encountered
during the course of cardiothoracic (CT) surgery is a rare
(1.1% incidence) unfortunate event increasing both
morbidity and mortality.1,2 Cardiogenic shock occurring
during CT surgery can contribute to lung dysfunction,
which may compound or overlap pure respiratory patho-
physiology. Supportive care strategies are numerous and
varied but, with the exception of low tidal-volume ventila-
tion, lack clear evidence demonstrating a survival benefit
in randomized controlled trials.
CENTRAL MESSAGE

Acute respiratory distress syn-
drome after cardiopulmonary
bypass can be managed with
veno-venous extracorporeal
membrane oxygenation.

See Commentaries on pages 104 and 106.
OVERVIEW
The CT surgery patient presents a unique set of chal-

lenges not encountered in the nonsurgical ARDS popula-
tion. Many of the supportive therapies may already have
been applied, would have minimal benefit, or are imprac-
tical. When ARDS occurs in the CT surgery patient, stan-
dard approaches to ARDS are challenging. The ability to
tolerate lung protective ventilation with permissive hyper-
capnia if right ventricular function is poor and the ability
to prone due to fresh sternotomy are 2 key components of
ARDS management that pose unique challenges in critical
CT surgery patients. Inhaled nitric oxide or prostacyclin
may improve oxygenation to some degree but may increase
the risk of renal dysfunction.3 Transfusions to increase
oxygen-carrying capacity are reasonable but must be
weighed against the benefits of a fluid-restrictive strategy.
Although transfusion and restrictive fluid strategies are
not necessarily mutually exclusive, this strategy can pose
a challenge. Any transfusion is associated with infectious
and immunologic risk as well as with worsening ARDS
(ie, transfusion-related acute lung injury and transfusion-
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associated circulatory overload). Pharmacologic deconges-
tive strategies, such as diuretics, risk causing increased
serum creatinine and acute kidney injury, leading to the
need for extracorporeal treatments such as hemodialysis
or continuous veno-venous (VV) hemofiltration. Low tidal
volume ventilation does provide a survival benefit; howev-
er, the resultant effect on blood gases might not be sustain-
able in patients with severe hypoxemia.
Extracorporeal membrane oxygenation (ECMO) is an

invasive rescue option that can be deployed in the operating
room, catheterization laboratory, or intensive care unit
(Figure 1). Although both studies have limitations, the CE-
SAR4 and the EOLIA5 trials have suggested patient benefits
from the use of ECMO for severe ARDS.

Pathophysiology of Postcardiotomy ARDS
Given the proper circumstances, numerous pathways can

lead to lung injury in the CT surgery patient (Figure 2). Car-
diopulmonary bypass (CPB) can be a potent contributor to
inflammation (Table 1). Nonendothelial negatively charged
surfaces that blood encounters extracorporeally activate
factor XII and complement protein C3b, which up-
regulates multiple humoral pathways. During CPB, both
right atrial and left atrial neutrophil levels increase. After
aortic cross-clamp removal, right atrial neutrophil levels
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FIGURE 1. Escalation of rescue therapies for acute respiratory distress syndrome. ARDS, Acute respiratory distress syndrome; VV, veno-venous; ECMO,

extracorporeal membrane oxygenation; RV, right ventricle; VA, veno-arterial.
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continue to increase, but left atrial levels decrease (ie, lung
trapping). Thiobarbituric acid (indicative of lipid peroxida-
tion oxygen free radical production) shows the same
phenomenon.6

Elimination of CPB does not remove all potential stimuli
of lung injury. Numerous risk factors are intrinsic to any CT
operation, and some may preexist in the patient before sur-
gery (Table 1).
Preventive Strategies
Preservation of pleural integrity and off-pump coronary

artery bypass grafting are surgical alternatives that may
reduce the risk of lung complications. Institutional efforts
to decrease blood transfusion during cardiac surgery have
been successful.7 Techniques to reduce the time on CPB
may be of use.
Indications for ECMO and Risk Assessment
Application of ECMO postcardiotomy for ARDS should

incorporate risk assessment and appropriate indications.
However, when using ECMO in a postcardiotomy ARDS
setting, appropriate use will depend largely on institutional
standards that have been established preoperatively. The
most important indication for ECMO especially in the post-
operative CT patient is reversibility of disease. Understand-
ing that successful lung recovery after VV ECMO for CPB
is dependent on reasonable lung function before cardiac
surgery, as ideally determined by pulmonary lung function
studies. The lung injury is likely secondary to the prolonged
CPB and/or ischemic time in addition to other confounding
factors, such as numerous blood product transfusions.
Contraindications to ECMO generally pertain to futility of
support (Table 2). Relative contraindications should be
evaluated on a case-by-case basis.
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Mechanical ventilation is the standard of care for the
hypoxemic patient. In severe lung injury, mechanical venti-
lation might not be sufficient to improve hypoxia and/or
hypercapnia. Extended periods of mechanical ventilation
can potentially injure the lungs, worsening the clinical
situation.

VV ECMO improves oxygenation and helps prevent end-
organ dysfunction.9 The 2 most recent randomized clinical
trials of ECMO for ARDS suggested a survival benefit.6,7

Indications for ECMO include (1) refractory hypoxia and/
or hypercapnia on maximal ventilatory settings, and (2)
liberation from detrimental ventilatory settings. ECMO
should be considered in a patient with a mortality risk
>50%, Murray score �2.5, or P/F ratio (ie, arterial oxygen
partial pressure to fractional inspired oxygen)<100.10 Pa-
tients have the best chance for a successful outcome with
VV ECMO when it is instituted early in the course of
ARDS, ideally within the first 24 to 48 hours.
Rescue Measures: A Practical Approach
“Exclusion and escalation” is the best approach to the

CT surgery patient in respiratory distress. Therapy should
be the least invasive necessary to obtain the desired re-
sults (Figure 3). The lowest level of exclusion eliminates
such problems as mucous plugging by suction or bron-
choscopy and checking for migration or torsion of the
endotracheal tube. Second, albuterol, gentle recruitment
maneuvers, and changes to ventilator mode and pres-
sure/volume settings should be considered. Third, inhaled
nitric oxide or epoprostenol are reasonable early inter-
ventions. If respiratory failure is noted intraoperatively,
there is also utility in transitioning from an anesthesia
machine ventilator to a more advanced ventilator from
the intensive care unit. CPB can be used as a temporary
rescue measure to avoid hypoxia while determining the
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FIGURE 2. Inflammatory pathways of cardiopulmonary bypass (CPB). Nonendothelial surfaces of CPB components activate multiple inflammatory
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best course of action, but it also can be the culprit and
perpetuate the problem.

After initiation of mechanical ventilation, inhaled ni-
tric oxide or epoprostenol, and other interventions, if
there remains only minimal improvement in oxygena-
tion, consideration and institution ECMO is reasonable
and prudent. The threshold, or level of hypoxia–
hypercapnia, that a medical ARDS patient can tolerate
most often will be higher than that of the surgical CT
patient. The merits of avoiding ECMO must be weighed
against the very real danger of hypoxia leading to
cardiac, renal, gastrointestinal, and neurologic compli-
cations postoperatively.

Cannulation Strategies and Initial Management
After exclusion of non-ARDS factors and stepwise esca-

lation of therapy, some patients will require ECMO
(Figure 3). For this group, our preferred means of support
is VV ECMO. This configuration is usually achieved with
right internal jugular dual-lumen cannula; however, some
patients will have ARDS in the setting of right heart failure
and will require veno-arterial (VA) ECMO, which can be
JTCVS Open c Volume 8, Number C 99



TABLE 1. CPB-related and non–CPB-related risk factors for lung injury

CPB-related Non–CPB-related

� Inflammatory activation from CPB artificial surfaces

� Heparin-protamine complex activation of complement

� Ischemia/reperfusion generation of ROS

� Atelectasis

� Poor perfusion of lung parenchyma during CPB

� Intrinsic lung disease: FEV1, reduced DLCO

� Pulmonary dysfunction secondary to cardiac dysfunction

� Cardiogenic shock or low-output syndrome

� Allogenic blood transfusion; TRALI

� Sepsis, endotoxin

CPB, Cardiopulmonary bypass; FEV1, reduced forced expiration in 1 second; DLCO, diffusion capacity of the lung for carbon monoxide; ROS, reactive oxygen species; TRALI,

transfusion-related acute lung injury.
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accomplished centrally or peripherally. A potential alterna-
tive to VAECMO for right ventricular support is a right ven-
tricular assist device with an oxygenator (oxy-RVAD)
introduced either surgically via the femoral vein to the pul-
monary artery or percutaneously with a ProtekDuo cannula
(LivaNova, London, United Kingdom). Ideally, closure of
the patient’s chest is the best scenario to prevent sternal
wound infection, mediastinitis, wean the ventilator, and
ambulate while on VV ECMO and/or oxy-RVAD.

A dual-site cannulation involving the right internal jugu-
lar vein and the right femoral vein can be used in situations
with limited imaging. When it is not expedient to access the
neck, a return cannula may be placed alternatively in the
contralateral femoral vein.

Ventilator pressures and volumes would transition to
“rest settings”: low tidal volume, low airway pressure,
low ventilator fraction of inspired oxygen (FiO2), and low
respiratory rate. We recommend adding a daily low-dose
aspirin (81 mg). For VV ECMO, we recommend no
anticoagulation.8

The barotraumatic mechanics of cyclical expansion and
deflation of the lungs at high pressure and volume are
most deleterious. Time acts as an amplifier. As such, tidal
volume and peak pressures should be minimized. When do-
ing so, protective and ultraprotective volumes should be de-
ployed, ranging between 4 and 6 mL/kg and between 2 and
4 mL/kg, respectively. To this end, we endorse a simple
strategy of decreasing FiO2 to 30% with a pressure support
of 10 cmH2O and a positive end-expiratory pressure of
10 cmH2O.
TABLE 2. Contraindications to ECMO support8

Absolute contraindication

ICH/irreversible brain injury

Refusal of blood products

Untreatable metastatic cancer

Unrecoverable organ dysfunction coupled with

noncandidacy for transplant or MCS

ECMO, Extracorporeal membrane oxygenation; ICH, intracranial hemorrhage; ESRD, end-
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Special Considerations
Lung transplantation. Lung transplantation remains the
best strategy for treating patients with end-stage lung dis-
ease when no other medical or surgical therapeutic options
are available. Althoughmost transplantations are performed
in patients with gradually progressive pulmonary disease,
an increasing number of patients are either presenting
with severe or rapidly progressive disease or deteriorating
while on the waitlist. Bridging strategies incorporating
ECMO are valuable in providing an approach to get these
patients to transplantation.11-14 Although early studies
reflect that the use of ECMO pretransplantation was
associated with greater perioperative risk and worse
outcomes, more recent work has shown that advances in
ECMO technology, patient selection, and management
have led to improved outcomes in these patients.15,16

The ideal ECMO modality is considered after
establishing that the patient is deemed an appropriate lung
transplantation candidate and is suitable for an ECMO
bridge-to-transplantation (BTT) procedure. The approach
will depend on the underlying disease, patient characteris-
tics, and, as importantly, the multidisciplinary ECMO and
transplantation team’s experience. As a BTT, the chosen
method should allow for the patient to be mobilized and
ambulated.17

VV ECMO is the most common modality for candidates
with hypercapnic, hypoxemic, or combined respiratory fail-
ure without significant right heart dysfunction.18,19 In pa-
tients with respiratory failure along with significant right
heart strain or dysfunction from pulmonary hypertension,
Relative contraindication

ESRD, emphysema, cirrhosis

Advanced age

MV longer than 7 d pre-ECMO

Severe aortic insufficiency

Lactate>20 mmol/L or suggestion of unrecoverable pre-ECMO injury

stage renal disease;MV, mechanical ventilation;MCS, mechanical circulatory support.
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VV ECMO often cannot provide adequate support. For this
cohort of patients, an oxy-RVAD, VA ECMO, or a pulmo-
nary artery–to–left atrium circuit may be used.20

A crucial component for ECMO as a BTT is an aggres-
sive and intensified physical therapy program. Patients
who are immobile and require sedation and mechanical
ventilation while on ECMO are at increased risk for
delirium and critical care neuropathy and myopathy and
have a high post-transplantation mortality rate.21-23 Most
large ECMO centers have multidisciplinary teams that
have developed successful awake and ambulatory
programs.

ECMO as a BTT plays a vital role in providing transplan-
tation to critically ill patients with end-stage lung disease.
Priorities for successful outcomes post-transplantation
include careful patient selection, adequate clinical infra-
structure with an experienced multidisciplinary team, and
the ability for ambulation.

ECMO has proven essential in the perioperative and post-
operative management of selected patients after lung trans-
plantation. In some cohorts, ECMO has been shown to
improve overall outcomes.

ECMO is implemented primarily for 2 different pur-
poses. It serves as a rescue therapy to salvage grafts in those
patients who develop severe early graft dysfunction, either
very early with the development of primary graft dysfunc-
tion (PGD) or later due to acute rejection or pneumonia,
and in patients with severe PGD when lung protective stra-
tegies cannot fully support ventilatory and oxygen require-
ments. VA ECMO is initiated when there is hemodynamic
instability (ie, severe post-transplantation pulmonary hy-
pertension). In such cases, VA ECMO can be used to protect
against hyperperfusion of the graft.24,25

The secondmajor use of ECMO post-transplantation is in
patients requiring continuation of intraoperative ECMO
into the postoperative period. This use should be considered
pretransplantation in, for example, patients deemed at
particularly high risk of developing PGD, such as those
with pulmonary arterial hypertension. In patients with pul-
monary arterial hypertension, intraoperative ECMO that
continues through the postoperative period may allow for
the left ventricle to adapt to the new hemodynamic condi-
tions post-transplantation.26

Determination of the optimal type of platform, patient se-
lection, timing of implementation of ECMO perioperatively
and postoperatively, and weaning strategies continue to
evolve as our experience increases with this therapy.
Anticoagulation management. Providers managing
patients undergoing ECMO must face the formidable chal-
lenge of balancing bleeding and thrombosis. Anticoagula-
tion can limit thrombus formation but, due to the altered
physiological effects of ECMO, may lead to unintentional
bleeding, especially in patients who underwent recent car-
diac surgery including CPB. Commonly encountered
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bleeding catalysts include clotting factor deficiency, ac-
quired von Willebrand syndrome,27 and thrombocytopenia.

Historically, unfractionated heparin has been the most
commonly used anticoagulant in ECMO patients, and acti-
vated clotting time has been the most common test used to
measure effect. Other frequently used tests include acti-
vated partial thromboplastin time (aPTT), anti-Xa level,
and viscoelastic assays. Although heparin has been used
extensively to provide anticoagulation to patients on
ECMO, we have transitioned to direct thrombin inhibitors
(DTIs) when anticoagulation is required, because of lower
rates of transfusion and thrombotic events.28

DTIs, such as argatroban and bivalirudin, bind to the cat-
alytic site and to the anion-binding exosite of circulating
and clot-bound thrombin.29,30 DTIs may provide a better
risk profile for bleeding than heparin.31 We feel that
aPTT-guided bivalirudin dosing to 40 to 50 seconds coupled
with daily aspirin represents the best compromise to avoid
both bleeding and thrombotic events. We also would advo-
cate for maintaining platelet counts>75 K/mL and fibrin-
ogen>200 mg/dL in all VV ECMO patients regardless of
anticoagulation regimen.

Alternatively, it is possible to forgo systemic anticoagu-
lation in VV ECMO patients.32-34 Centers contemplating
eliminating systemic anticoagulation should first clarify
(1) surface coatings of ECMO components currently in
use, (2) an acceptable minimum blood flow rate, and (3)
adjunctive anticoagulants in use. Our preference for VV
ECMO is ECMO components with biocompatibility
surface coatings, minimal blood flow>3 LPM (preferably
4 LPM), 81 mg aspirin once daily, and no systemic
anticoagulation. For VA ECMO when bleeding has
decreased to<200 mL/hour per chest tube for 6 hours, we
recommend starting bivalirudin to achieve an aPTT of 40
to 60 seconds.

Weaning off ECMO is initiated when arterial blood gas
results improve at rest settings. FiO2 and sweep gas of the
oxygenator are reduced while ventilator FiO2 remains
�60% with a tidal volume �4 mL/kg and peak inspiratory
pressure �35 mL H2O. Following a 24-hour period of zero
gas flow to the oxygenator with partial pressure of CO2�50
and arterial O2 saturation �90%, when a patient can
demonstrate the ability to be off VV ECMO, the patient is
then decannulated.

CONCLUSIONS
VV ECMO is an important tool in the armamentarium of

the CT physician, providing rescue therapy for CT surgery
patients burdened with ARDS. When used in conjunction
with a lung-protective ventilation strategy, it can be benefi-
cial for the CT surgery patient who is also affected by
ARDS, refractory pneumonia, or severe refractory acute
lung injury and/or as a bridge to lung transplantation. Post-
operative CT surgery patients can be supported well and
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extubated, and they may be able to ambulate as they recover
or await lung transplantation.
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