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Evidence

ECMO is increasingly being used for patients with the acute respiratory distress
syndrome (ARDS), particularly in cases of severe ARDS in which life-threatening
hypoxemia or hypercapnia persists despite maximal conventional mechanical ven-
tilatory support [1, 2]. In addition, ECMO is used in some patients in whom life-
threatening gas exchange abnormalities are sufficiently improved with the use of
positive-pressure ventilation, but only at the expense of generating excessively high
inspiratory airway pressures. ECMO in this setting facilitates lung-protective venti-
lation and minimizes ventilator-associated lung injury. Despite the increasing use of
ECMO in ARDS, high-level evidence supporting its benefit for this indication is
lacking. The first successful use of ECMO for severe post-traumatic hypoxemic
respiratory failure was in 1971 by Dr. J.D. Hill and colleagues. The patient received
venoarterial extracorporeal support with a Bramson membrane lung for 75 h and
survived [3]. This success prompted others to attempt the institution of ECMO sup-
port for severe hypoxemic respiratory failure, with reports of approximately 150
cases performed from the original Hill report through 1974, though mortality was
85-90 % [4-6]. In 1979, Warren Zapol and colleagues published the results of a
multicenter, randomized, controlled trial of mechanical ventilation supplemented
with venoarterial ECMO versus conventional mechanical ventilation alone, accord-
ing to the standard of care at that time, as a therapy for severe acute hypoxemic
respiratory failure [7]. Ninety subjects were randomized to conventional mechani-
cal ventilation alone or mechanical ventilation and ECMO, with slow and fast entry
criteria utilized for enrollment based on a combination of severity and duration of
hypoxemia, resulting in a maximum PaO, to FiO, ratio of 83. Subjects with pro-
longed mechanical ventilation (greater than 21 days), evidence of left atrial hyper-
tension (pulmonary capillary wedge pressure greater than 25), and chronic or
irreversible diseases were excluded. The trial demonstrated no significant difference
in survival (9.5 % in the ECMO group, 8.3 % in the control group, Table 2.1), with
high rates of infectious and bleeding complications. The low rate of survival in the

Table 2.1 Demographics and outcomes of prospective randomized trials of ECLS for ARDS

ECMO Non-ECMO
Study Year | No.of pts. |PaO,:FIO, | Modality |survival (%) |survival (%)
Zapol et al. [7] 1979 90 <83 ECCO,R |9.5° 8.3
Morris et al. [12] | 1994 40 63 ECCO,R |33® 42
Peek et al. [33] 2009 | 180 75 ECMO 63b¢ 47

ECLS extracorporeal life support, ECMO extracorporeal membrane oxygenation, ARDS acute
respiratory distress syndrome, ECCO,R extracorporeal carbon dioxide removal, PaO, partial pres-
sure of arterial oxygen, FIO, fraction of inspired oxygen

No statistically significant difference in survival between groups

22/90 patients (24 %) within ECMO referral group did not receive ECMO

‘Relative risk of death or severe disability 0.69 (95 % CI 0.05-0.97, p=0.03) compared to non-
ECMO group
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control group also highlights the high severity of illness in the study population and
the different standard of care for mechanical ventilation in ARDS at that time.

In the late 1970s and into the 1980s, Gattinoni and colleagues in Italy, among
others, began experimenting with the use of extracorporeal support in animals, and
then in humans with severe forms of ARDS. The concept involved using venove-
nous extracorporeal support at low blood flow rates principally to remove CO,, a
technique known as extracorporeal CO, removal or ECCO,R. By removing CO,
directly from the blood, they could ventilate the subjects at lower airway pressures
and respiratory rates—what they termed “low-frequency positive-pressure ventila-
tion” (LFPPV) while providing passive oxygenation through the endotracheal tube
[8—11]. The goal was to provide what Gattinoni referred to as “pulmonary rest,” the
precursor to low-volume, low-pressure ventilation strategies [11]. Results of a pro-
spective, uncontrolled study of 43 subjects treated with a LFPPV-ECCO,R strategy
for severe respiratory failure (average PaO, to FIO, ratio of 67) demonstrated a
survival of 49 %, despite an anticipated survival of less than 10 % based on similar
inclusion and exclusion criteria to those used in the trial by Zapol [9].

Prompted by a significantly higher survival than prior studies of subjects with
severe ARDS, a lack of randomization or control group in the Gattinoni study, and
the hypothesis that ventilator-associated lung injury plays a critical role in mortality
in ARDS, Morris and colleagues at the University of Utah evaluated the role of
LFPPV-ECCO;R in a prospective, randomized, controlled trial of subjects with
severe ARDS [12]. Forty subjects were randomized between 1987 and 1991 to
receive either conventional mechanical ventilation or a strategy of pressure-control
inverse ratio ventilation (PCIRV), followed by LFPPV-ECCO,R if PCIRV was
unable to maintain adequate PaO, or pH. Entry criteria were similar to those used
by Zapol and Gattinoni. Oxygenation was markedly impaired, with an average PaO,
to FIO, ratio of 63. The results demonstrated no difference in mortality between
groups, with a survival of 42 % in the control group and 33 % in the PCIRV plus
LFPPV-ECCO,R group. Hemorrhage with high rates of transfusion led to ECCO,R
discontinuation in seven (37 %) of the subjects in the experimental group, and four
subjects (21 %) developed clot within the extracorporeal circuit. Although the
authors concluded there was no role for ECCO,R as a therapy for ARDS, there were
several notable limitations of this trial. The intervention group received two differ-
ent experimental treatment modalities (inverse ratio ventilation and ECCO,R),
worldwide experience with extracorporeal techniques was limited prior to study
initiation, and the intervention arm was exposed to notably high airway pressures
despite extracorporeal support. Additionally, survival among those in the control
group was higher than in the previous studies, highlighting the differences in patient
characteristics, therapeutic interventions, or protocols for respiratory care between
this study and previously published data. Furthermore, while all of these studies
used uniform entry criteria that facilitate comparisons between trials, these criteria
may not reflect best practice for the initiation of extracorporeal support.

Starting in the 1980s, there were multiple non-randomized, observational studies
evaluating ECLS for severe ARDS, several of which are listed in Table 2.2 [9,
13-22]. The studies listed are expectedly heterogeneous in their demographics,
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Table 2.2 Demographics and outcomes of observational ECMO trials for acute respiratory failure

Study Year | No. of pts. | PaO,:FIO, | Indication Modality | Survival (%)
Gattinoni et al. [9] | 1986 | 43 67 ARDS ECCO,R 49
Wagner et al. [13] 1990 | 76 - ARDS ECCO,R 50
Brunet et al. [14] 1993 | 23 84 ARDS ECCO,R 52
Manert et al. [15] 1996 | 21 54 ARDS ECMO 81
Kolla et al. [16] 1997 | 100 56 Severe ARF* | ECMO 54
Peek et al. [17] 1997 | 50 65 Severe ARF | ECMO 66
Lewandowski 1997 | 49 67 ARDS ECMO 55
etal. [18]

Linden et al. [19] 2000 | 17 46 ARDS ECMO 76
Bartlett et al. [20] | 2000 | 86 55 ARDS ECMO 61
Davies et al. [21] 2009 | 68 56 ARDS/HIN1 |ECMO 75
Freed et al. [25] 2010 6 61 ARDS/HIN1 |ECMO 67
Roch et al. [24] 2010 9 52 ARDS/HIN1 |ECMO 56
Schmid et al. [22] | 2011 | 176 77 ARDS ECMO 56

ECMO extracorporeal membrane oxygenation, PaO, partial pressure of arterial oxygen, FI0O, frac-
tion of inspired oxygen, ARDS acute respiratory distress syndrome, ECCO,R extracorporeal car-
bon dioxide removal, H/N1 denotes the 2009 novel influenza A(HIN1) virus, ARF acute respiratory
failure

*Defined as shunt fraction >30 %, compliance <0.5 mL/cm H,O/kg; life-threatening anatomic
airway obstruction, refractory status asthmaticus, or uncorrectable hypercapnia with pH<7.0 and
end-inspiratory pressure >45 mmHg

however they all included subjects with marked impairment in oxygenation that
would meet the most recent definition of severe ARDS [1].

Among these studies is the Australia-New Zealand experience with ECMO, pub-
lished by Davies and colleagues, during the influenza A(HIN1) outbreak in 2009
[21]. Sixty-eight subjects were treated with ECMO for ARDS in 15 specialist ICUs
that provided ECMO support during the study period. All cases were confirmed or
strongly suspected to be a result of influenza A(HIN1), with a high severity of ill-
ness as demonstrated by ventilatory parameters: median PaO, to FIO, ratio of 56,
median positive end-expiratory pressure (PEEP) of 18 cm H,0, median nadir pH of
7.2, and median highest PaCO, of 69. Survival in this cohort of subjects was 75 %
[23]. Similar outcomes were demonstrated in other centers during the influenza
pandemic, though with smaller sample sizes (Table 2.2) [9, 13-22, 24, 25].

Contemporaneous with the report by Davies et al., a study with similar demo-
graphics and outcomes of subjects with influenza A(HIN1) who were managed
without the use of ECMO was reported by Miller et al. in Utah [26]. Among the 47
subjects admitted to the ICU with a confirmed diagnosis of influenza, 30 (64 %) met
criteria for ARDS, with a median PaO, to FIO, ratio of 61 and median PEEP of 22.
Multisystem organ failure was common (87 %). None of the subjects with ARDS
received so-called “rescue therapies” such as inhaled nitric oxide, prone position-
ing, inhaled epoprostenol, or high-frequency oscillatory ventilation, although neu-
romuscular blocking agents were used in 47 % of subjects. Despite a high severity
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of illness (median APACHE II score=25), survival was 73 %. Comparable survival
to the Australia-New Zealand cohort raised questions about whether ECMO pro-
vides any survival advantage over optimal medical management in cases of severe
ARDS related to influenza A(HINT1).

An attempt to reconcile this issue was made by Noah and colleagues from the
United Kingdom, who compared ECMO-referred subjects with confirmed or
strongly suspected HIN1-related ARDS (n=80) to non-ECMO-referred subjects
with HIN1-related ARDS who were enrolled in a separate, concurrent prospective
cohort study within the same geographical area and who were potentially eligible
for ECMO (n=195) [27]. Only 69 of the 80 subjects referred for ECMO received
ECMO (86 %). However, statistical analysis was performed by intention-to-treat
principles. Individual, propensity score, and GenMatch matching were used to
match subjects from each group on the basis of demographic, physiologic, and
comorbidity data that were anticipated a priori to be associated with ECMO use and
hospital mortality (prior duration of mechanical ventilation, PaO, to FIO, ratio, age,
SOFA score, body mass index (BMI), pregnancy status, and use of alternative ven-
tilation strategies). After matching for the above variables, the ECMO-referred sub-
jects consistently had a mortality approximately half that of the non-ECMO-referred
subjects (24 % vs. 47 % by propensity score matching, RR 0.51, 95 % CI 0.31-0.84,
p=0.008). The investigators could not account for differences in ventilatory strate-
gies between groups, nor could they assess the impact of variables not captured in
the database of the cohort of non-ECMO-referred subjects, which may have con-
founded the results of this non-randomized comparison.

Survival rates of subjects receiving extracorporeal support in many of the obser-
vational studies in the late 1990s and 2000s were higher (54-81 %) than those
reported for subjects with and without extracorporeal support in the earlier random-
ized trials by Zapol and Morris [15-22, 24, 25]. However, there are inherent flaws
in comparing non-randomized studies. Changes in clinical management confound
the comparison of survival rates from different eras. This is evident in the decline in
mortality rates observed in ARDS over the last decade [28], with mortality of 31 %
in the intervention arm of ARMA in 2000 [29], 25 % in the fluid-conservative strat-
egy arm in FACTT in 2006, and 16—18 % in the control arms of ALTA and OMEGA
in 2011 [30-32]. Likewise, ECMO technology has evolved significantly since the
early randomized trials, with more efficient membranes for gas exchange, the advent
of centrifugal pumps, heparin-coated circuits that can tolerate lower levels of anti-
coagulation resulting in lower bleeding risk, and cannulae that permit single-vessel
access with minimal recirculation. Comparisons of non-randomized ECMO studies
are also confounded by indication, which is influenced by multiple factors, includ-
ing but not limited to patient age, disease severity, concomitant medical conditions,
concurrent therapies, and physicians’ estimation of prognosis.

In an attempt to estimate the effect of ECMO in ARDS using more advanced
ECMO technology, and coinciding with increasing usage within the critical care
community, the Conventional Ventilation or ECMO for Severe Adult Respiratory
Failure (CESAR) trial was performed [33]. In this prospective, randomized,
controlled trial, 180 subjects, age 18—65, with severe but potentially reversible
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respiratory failure and a Lung Injury Score (a.k.a. Murray Score, a composite score
based on PaO, to FIO, ratio, PEEP, respiratory system compliance, and radiographic
findings [34]) of >3.0 or uncompensated hypercapnia (pH<7.2) despite “optimal
conventional management” were randomly assigned to receive ongoing conven-
tional mechanical ventilation at designated treatment centers or be transferred to a
single ECMO center at Glenfield Hospital in Leicester for consideration of treat-
ment with venovenous ECMO. Subjects were excluded from the trial if they had
contraindications to anticoagulation or if they had been on high pressure (peak
inspiratory airway pressure >30 cm H,O) or high FIO, (>0.8) for greater than 7
days. Hemodynamically stable subjects randomized to the ECMO referral arm were
initially managed on transfer to Glenfield with a standardized management protocol
that included a pressure-restricted ventilation strategy, diuresis to dry weight, trans-
fusion to a hematocrit of 40 %, prone positioning and full nutrition. Those who were
hemodynamically unstable or failed to respond to this strategy within 12 h were
placed on ECMO. Only 76 % of the subjects referred for ECMO actually received
ECMO, however all subjects who received ECMO were managed with a lung-
protective ventilation strategy. In total, 93 % of subjects in the ECMO referral arm
received treatment with a low-volume, low-pressure strategy at some point in their
care. By comparison, because there was no mandate of a lung-protective ventilation
strategy in the conventional management group (a low-volume, low-pressure strat-
egy was advised) and perhaps because many of these subjects were difficult to ven-
tilate, only 70 % of those subjects were managed with such a strategy at any time
during the study. Subjects were well-matched between groups and the majority
were randomized early in ARDS, with 62 % of ECMO subjects and 66 % of con-
ventionally managed subjects having been on high pressure or high FIO, for 48 h or
less, with an average of 28 h in each group. Average PaO, to FIO, was approxi-
mately 75 in both groups. The primary outcome—death or severe disability by
6 months after randomization—occurred in 37 % of the subjects referred for ECMO,
as compared with 53 % of those in the conventional management group, relative
risk 0.69 (95 % confidence interval 0.05-0.97, p=0.03).

The results from CESAR, as well as the study by Noah and colleagues, may
reasonably support a strategy of transferring patients with severe ARDS to a center
capable of performing ECMO as part of a standardized management protocol [35].
However, this trial was not a randomized trial of ECMO as compared with
standard-of-care mechanical ventilation. The higher survival in the ECMO-referral
group may be accounted for by differences in the care between study groups, most
importantly, the discrepancy in the use of a low-volume, low-pressure mechanical
ventilation strategy.

To date, there is no prospective randomized trial comparing modern-day ECMO
technology and techniques to standard-of-care mechanical ventilation in
ARDS. Given that the current body of literature on ECMO in ARDS has been used
to justify or dispute the efficacy of ECMO in cases of severe ARDS, there appears to
be clinical equipoise to perform another prospective, randomized clinical trial in
which subjects randomized to the ECMO arm are guaranteed to receive ECMO and
those randomized to the mechanical ventilation arm are managed with a standardized
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ventilation protocol [36, 37]. Centers that already offer ECMO and believe in its util-
ity in ARDS may find it difficult to withhold ECMO from subjects who are failing
mechanical ventilation alone, and have a need to permit crossover within the study,
which may bias results toward the null hypothesis when analyzed by intention to
treat. Nonetheless, a carefully designed clinical trial that adequately matches for
baseline demographics and potential confounders and adheres to treatment protocols
would provide useful additional evidence to help settle the ongoing debate about the
role of ECMO in severe ARDS.

Indications

There is no single set of accepted criteria for the initiation of ECMO in ARDS, and
the threshold for initiation of ECMO varies considerably across studies and guide-
lines. The decision to initiate ECMO would ideally be based on a risk—benefit analy-
sis that incorporates the risk of mortality with or without extracorporeal life support
while factoring in the risk of complications as a result of its use. Unfortunately,
precise data to inform this sort of decision-making do not exist. As risk—benefit
analysis improves, thresholds for ECMO initiation will likely change to reflect risk—
benefit tradeoffs compared with standard-of-care mechanical ventilation.

The early randomized trials used two sets of criteria to assess the need for
ECMO: PaO, less than 50 mmHg for 2 h at FIO, 1.0 and PEEP greater 5 cm H,O
(fast-entry criteria) or PaO, less than 50 mmHg for greater than 12 h at FIO, greater
than 0.6, PEEP greater than 5 cm H,0O, and shunt fraction (Q/Q,) greater than 0.3
despite 48 h of maximal medical therapy (slow-entry criteria) [7, 12]. While these
criteria take into account the risks of prolonged hypoxemia and oxygen toxicity,
there is no consideration of hypercapnia with resulting acidemia or plateau airway
pressures as factors that may influence the decision to initiate ECMO. Furthermore,
the specific time and oxygenation cutoffs used for entry criteria have not been inde-
pendently validated or shown to correlate with mortality. Among the best data avail-
able to estimate the prognosis of patients with ARDS without ECMO support comes
from the work of the ARDS Definition Task Force [1], which redefined ARDS based
on the degree of hypoxemia as a predictor of mortality. Lower PaO, to FIO, ratio
cutoffs correlate with increased mortality (45 % when PaO, to FIO, is less than 100,
vs. 27-32 % in mild to moderate ARDS) and longer duration of mechanical ventila-
tion (9 days in severe ARDS vs. 5-7 days in mild to moderate ARDS). Based on
these data, patients with lower ratios of PaO, to FIO, would seem to benefit the most
from aggressive interventions. However, the appropriate cut off for initiating ECMO
has yet to be determined. Given the consensus decision by the ARDSnet trial inves-
tigators to set a goal PaO, of 55-80 mmHg [29], ultimately representing a range of
values within which the amount of PEEP or FIO, is not deescalated because the
patient is presumed to be near the steep portion of the oxyhemoglobin dissociation
curve, one may consider a PaO, to FIO, ratio of 80 as a reasonable cutoff for con-
sideration of ECMO (Table 2.3) [2]. This threshold is similar to the PaO, to FIO,
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Table 2.3 Indications and contraindications for ECMO in ARDS

Indications

Severe hypoxemia (e.g. ratio of PaO, to FIO, <80 despite the application of high levels of PEEP,
typically 15-20 cm H,0), in patients with potentially reversible respiratory failure

Uncompensated hypercapnia with acidemia (pH < 7.15) despite optimal ventilator management

Excessively high end-inspiratory plateau pressure (>35-45 cm of water, according to the
patient’s body size) despite optimal ventilator management

Relative contraindications

High-pressure ventilation (plateau pressure >30 cm H,O) for >7 days
High FIO, requirements (>0.8) for >7 days

Limited vascular access

Any condition or organ dysfunction that would limit the likelihood of overall benefit from
ECMO, such as severe, irreversible brain injury or untreatable metastatic cancer

Any condition that precludes the use of anticoagulation
Thrombotic thrombocytopenic purpura
Absolute contraindications
ECMO as bridge to lung transplantation if transplantation will not be considered
ARDS acute respiratory distress syndrome, ECMO extracorporeal membrane oxygenation, PaO,

partial pressure of arterial oxygen, F10, fraction of inspired oxygen, PEEP positive end-expiratory
pressure, 7TP thrombotic thrombocytopenic purpura

ratio that was used as part of the slow entry criteria in the early ECMO trials [7, 12],
and at the upper limit of many observational studies [15-22, 24, 25]. The PaO, to
FIO, ratio is one component of the Lung Injury Score which uses a combination of
physiologic and radiographic characteristics to quantify the extent of lung injury in
ARDS [34]. However, because of its non-physiologic component and a lack of data
to support its ability to predict survival among patients with the most severe forms
of ARDS, it may be less useful as a criterion for initiation of ECMO.

The amount of PEEP that is appropriate to achieve adequate oxygenation in
severe ARDS prior to initiation of ECMO has not been well established and varies
between patients. There was no difference in survival in several studies of high ver-
sus low PEEP strategy in ARDS [38—40]. Nonetheless, many of the studies involv-
ing ECMO for ARDS have documented high levels of PEEP to improve oxygenation
prior to the initiation of ECMO. It is reasonable to attempt to achieve levels of PEEP
up to 15-20 cm H,O, in conjunction with increases in FIO,, to reach an adequate
level of oxygenation prior to the initiation of ECMO, assuming those levels of PEEP
do not significantly compromise the patient’s hemodynamic status.

In addition to oxygenation parameters, the ARDSnet protocol specifies a thresh-
old of pH less than 7.15 (usually a result of uncompensated hypercapnia in the set-
ting of poor lung compliance) as the point at which plateau airway pressure targets
may be exceeded in order to increase minute ventilation and correct the acidemia. A
pH less than 7.15 may therefore be a reasonable threshold to initiate ECMO in
attempting to avoid exceeding plateau airway pressure limits that may worsen
ventilator-associated lung injury. Along similar lines, a third indication for the ini-
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tiation of ECMO is excessively high plateau airway pressures themselves, despite
adherence to the best accepted standard of care for ventilator management. Plateau
airway pressures exceeding 35 cm H,O have been shown to correlate with signifi-
cantly higher incidence of barotrauma [41]. A reasonable range of plateau airway
pressures in which to consider ECMO initiation is 35—45 cm H,O depending on the
patient’s body habitus [2]. Patients with higher BMI will have higher elastic loads
on the chest wall than those with lower BMI, and thus may require higher plateau
airway pressures to achieve the same degree of alveolar patency, though the trans-
pulmonary pressure gradient may not be higher.

Exclusions

There are few absolute contraindications for ECMO in severe ARDS. Any condi-
tion that precludes the use of anticoagulation is typically considered an absolute
contraindication because of the need for systemic anticoagulant therapy to main-
tain the integrity of the circuit. However, in patients with severe bleeding, antico-
agulation may be withheld for significant periods of time with apparent safety
[42]. Given the advances in technology, the inability to anticoagulate should per-
haps be considered only a relative contraindication to receiving ECMO. Thrombotic
thrombocytopenic purpura (TTP) is another disorder that may be problematic
because of the high risk of thrombosis (within the patient or the circuit) if platelet
transfusion is needed in the setting of life-threatening hemorrhage and thrombocy-
topenia. While this may not be an absolute contraindication, the likelihood of sur-
vival without ECMO would have to be sufficiently low to consider accepting such
a high risk.

The theoretical benefit of ECMO for severe cases of ARDS largely relates to
lung protection: a decreased need for high-pressure ventilation or toxic fractions of
inspired oxygen. Yet, this potential for benefit may be limited if the patient has
already been exposed to high airway pressures and inspired oxygen levels such that
damage is irreversible. Many clinicians think that patients who have been receiving
high-pressure ventilation with plateau pressure exceeding 30 cm H,O for greater
than 7 days are less likely to benefit from ECMO [43—-45]. Similarly, prolonged
exposure to high fractions of inspired oxygen, which may induce lung inflamma-
tion, could nullify any beneficial effect of ECMO support, though this remains an
area of controversy [46, 47]. Earlier initiation of ECMO, perhaps for these or other
reasons, has been associated with better outcomes in some, but not all, observational
studies [18, 45, 48, 49]. Other relative contraindications include limitations in vas-
cular access that would preclude cannula placement and any conditions in which
ECMO would be unlikely to alter the patient’s overall prognosis, including but not
limited to advanced malignancy or severe and irreversible brain injury. Finally,
ECMO, when considered as a bridge to lung transplantation, should only be offered
if the patient is actually a candidate for transplantation.



70

D. Abrams et al.

References

10.

11.

12.

13.

14.

15.

16.

17.

. Ranieri VM, Rubenfeld GD, Thompson BT, Ferguson ND, Caldwell E, Fan E, et al. Acute

respiratory distress syndrome: the Berlin Definition. JAMA. 2012;307(23):2526-33.

. Brodie D, Bacchetta M. Extracorporeal membrane oxygenation for ARDS in adults. N Engl J

Med. 2011;365(20):1905-14.

. Hill ID, O’Brien TG, Murray JJ, Dontigny L, Bramson ML, Osborn JJ, et al. Prolonged extra-

corporeal oxygenation for acute post-traumatic respiratory failure (shock-lung syndrome). Use
of the Bramson membrane lung. N Engl J Med. 1972;286(12):629-34.

. Gille JP. [Respiratory support by extracorporeal circulation with a membrane artificial lung

(author’s transl)]. Bull Physiopathol Respir (Nancy). 1974;10(3):373-410.

. Bartlett RH, Gazzaniga AB, Fong SW, Burns NE. Prolonged extracorporeal cardiopulmonary

support in man. J Thorac Cardiovasc Surg. 1974;68(6):918-32.

. Hill JD, Ratliff JL, Fallat RH, Tucker HJ, Lamy M, Dietrich HP, et al. Prognostic factors in the

treatment of acute respiratory insufficiency with long-term extracorporeal oxygenation.
J Thorac Cardiovasc Surg. 1974;68(6):905-17.

. Zapol WM, Snider MT, Hill JD, Fallat RJ, Bartlett RH, Edmunds LH, et al. Extracorporeal

membrane oxygenation in severe acute respiratory failure. A randomized prospective study.
JAMA. 1979;242(20):2193-6.

. Gattinoni L, Pesenti A, Caspani ML, Pelizzola A, Mascheroni D, Marcolin R, et al. The role of

total static lung compliance in the management of severe ARDS unresponsive to conventional
treatment. Intensive Care Med. 1984;10(3):121-6.

. Gattinoni L, Pesenti A, Mascheroni D, Marcolin R, Fumagalli R, Rossi F, et al. Low-frequency

positive-pressure ventilation with extracorporeal CO, removal in severe acute respiratory fail-
ure. JAMA. 1986;256(7):881-6.

Gattinoni L, Kolobow T, Agostoni A, Damia G, Pelizzola A, Rossi GP, et al. Clinical applica-
tion of low frequency positive pressure ventilation with extracorporeal CO, removal (LFPPV-
ECCO2R) in treatment of adult respiratory distress syndrome (ARDS). Int J Artif Organs.
1979;2(6):282-3.

Gattinoni L, Kolobow T, Damia G, Agostoni A, Pesenti A. Extracorporeal carbon dioxide
removal (ECCO2R): a new form of respiratory assistance. Int J Artif Organs. 1979;2(4):
183-5.

Morris AH, Wallace CJ, Menlove RL, Clemmer TP, Orme JF, Jr., Weaver LK, et al. Randomized
clinical trial of pressure-controlled inverse ratio ventilation and extracorporeal CO2 removal
for adult respiratory distress syndrome. Am J Respir Crit Care Med. 1994;149(2 Pt 1):
295-305.

Wagner PK, Knoch M, Sangmeister C, Muller E, Lennartz H, Rothmund M. Extracorporeal
gas exchange in adult respiratory distress syndrome: associated morbidity and its surgical
treatment. Br J Surg. 1990;77(12):1395-8.

Brunet F, Belghith M, Mira JP, Lanore JJ, Vaxelaire JF, Dall'ava Santucci J, et al. Extracorporeal
carbon dioxide removal and low-frequency positive-pressure ventilation. Improvement in arte-
rial oxygenation with reduction of risk of pulmonary barotrauma in patients with adult respira-
tory distress syndrome. Chest. 1993;104(3):889-98.

Manert W, Haller M, Briegel J, Hummel T, Kilger E, Polasek J, et al. Venovenous extracorpo-
real membrane oxygenation (ECMO) with a heparin-lock bypass system. An effective addition
in the treatment of acute respiratory failure (ARDS). Anaesthesist. 1996;45(5):437-48.

Kolla S, Awad SS, Rich PB, Schreiner RJ, Hirschl RB, Bartlett RH. Extracorporeal life support
for 100 adult patients with severe respiratory failure. Ann Surg. 1997;226(4):544—64. discus-
sion 565-6.

Peek GJ, Moore HM, Moore N, Sosnowski AW, Firmin RK. Extracorporeal membrane oxy-
genation for adult respiratory failure. Chest. 1997;112(3):759-64.



18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

Hypoxemic Respiratory Failure: Evidence, Indications, and Exclusions 71

Lewandowski K, Rossaint R, Pappert D, Gerlach H, Slama KJ, Weidemann H, et al. High
survival rate in 122 ARDS patients managed according to a clinical algorithm including extra-
corporeal membrane oxygenation. Intensive Care Med. 1997;23(8):819-35.

Linden V, Palmer K, Reinhard J, Westman R, Ehren H, Granholm T, et al. High survival in
adult patients with acute respiratory distress syndrome treated by extracorporeal membrane
oxygenation, minimal sedation, and pressure supported ventilation. Intensive Care Med.
2000;26(11):1630-7.

Bartlett RH, Roloff DW, Custer JR, Younger JG, Hirschl RB. Extracorporeal life support: the
University of Michigan experience. JAMA. 2000;283(7):904-8.

Davies A, Jones D, Bailey M, Beca J, Bellomo R, Blackwell N, et al. Extracorporeal mem-
brane oxygenation for 2009 influenza A(HINT1) acute respiratory distress syndrome. JAMA.
2009;302(17):1888-95.

Schmid C, Philipp A, Hilker M, Rupprecht L, Arlt M, Keyser A, et al. Venovenous extracorpo-
real membrane oxygenation for acute lung failure in adults. J Heart Lung Transplant.
2012;31(1):9-15.

Davies A, Jones D, Gattas D. Extracorporeal membrane oxygenation for ARDS due to 2009
influenza A(HIN1)—reply. JAMA. 2010;303(10):941-2.

Roch A, Lepaul-Ercole R, Grisoli D, Bessereau J, Brissy O, Castanier M, et al. Extracorporeal
membrane oxygenation for severe influenza A (HIN1) acute respiratory distress syndrome: a
prospective observational comparative study. Intensive Care Med. 2010;36(11):1899-905.
Freed DH, Henzler D, White CW, Fowler R, Zarychanski R, Hutchison J, et al. Extracorporeal
lung support for patients who had severe respiratory failure secondary to influenza A (HIN1)
2009 infection in Canada. Can J Anaesth. 2010;57(3):240-7.

Miller 3rd RR, Markewitz BA, Rolfs RT, Brown SM, Dascomb KK, Grissom CK, et al.
Clinical findings and demographic factors associated with ICU admission in Utah due to novel
2009 influenza A(HIN1) infection. Chest. 2010;137(4):752-8.

Noah MA, Peek GJ, Finney SJ, Griffiths MJ, Harrison DA, Grieve R, et al. Referral to an
extracorporeal membrane oxygenation center and mortality among patients with severe 2009
influenza A(HIN1). JAMA. 2011;306(15):1659-68.

Matthay MA, Ware LB, Zimmerman GA. The acute respiratory distress syndrome. J Clin
Invest. 2012;122(8):2731-40.

Ventilation with lower tidal volumes as compared with traditional tidal volumes for acute lung
injury and the acute respiratory distress syndrome. The Acute Respiratory Distress Syndrome
Network. N Engl J Med. 2000;342(18):1301-8.

Matthay MA, Brower RG, Carson S, Douglas IS, Eisner M, Hite D, et al. Randomized,
placebo-controlled clinical trial of an aerosolized beta(2)-agonist for treatment of acute lung
injury. Am J Respir Crit Care Med. 2011;184(5):561-8.

Rice TW, Wheeler AP, Thompson BT, deBoisblanc BP, Steingrub J, Rock P. Enteral omega-3
fatty acid, gamma-linolenic acid, and antioxidant supplementation in acute lung injury. JAMA.
2011;306(14):1574-81.

Wiedemann HP, Wheeler AP, Bernard GR, Thompson BT, Hayden D, deBoisblanc B, et al.
Comparison of two fluid-management strategies in acute lung injury. N Engl J Med.
2006;354(24):2564-75.

Peek GJ, Mugford M, Tiruvoipati R, Wilson A, Allen E, Thalanany MM, et al. Efficacy and
economic assessment of conventional ventilatory support versus extracorporeal membrane
oxygenation for severe adult respiratory failure (CESAR): a multicentre randomised con-
trolled trial. Lancet. 2009;374(9698):1351-63.

Murray JF, Matthay MA, Luce JM, Flick MR. An expanded definition of the adult respiratory
distress syndrome. Am Rev Respir Dis. 1988;138(3):720-3.

Zwischenberger JB, Lynch JE. Will CESAR answer the adult ECMO debate? Lancet.
2009;374(9698):1307-8.

Dalton HJ, MacLaren G. Extracorporeal membrane oxygenation in pandemic flu: insufficient
evidence or worth the effort? Crit Care Med. 2010;38(6):1484-5.




72

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.
47.

48.

49.

D. Abrams et al.

Pellegrino VA, Davies AR. CESAR: deliverance or just the beginning? Crit Care Resusc.
2010;12(2):75-7.

Brower RG, Lanken PN, Maclntyre N, Matthay MA, Morris A, Ancukiewicz M, et al. Higher
versus lower positive end-expiratory pressures in patients with the acute respiratory distress
syndrome. N Engl J Med. 2004;351(4):327-36.

Meade MO, Cook DJ, Guyatt GH, Slutsky AS, Arabi YM, Cooper DJ, et al. Ventilation strat-
egy using low tidal volumes, recruitment maneuvers, and high positive end-expiratory pres-
sure for acute lung injury and acute respiratory distress syndrome: a randomized controlled
trial. JAMA. 2008;299(6):637-45.

Mercat A, Richard JC, Vielle B, Jaber S, Osman D, Diehl JL, et al. Positive end-expiratory
pressure setting in adults with acute lung injury and acute respiratory distress syndrome: a
randomized controlled trial. JAMA. 2008;299(6):646-55.

International consensus conferences in intensive care medicine: ventilator-associated lung
injury in ARDS. This official conference report was cosponsored by the American Thoracic
Society, The European Society of Intensive Care Medicine, and The Societe de Reanimation
de Langue Francaise, and was approved by the ATS Board of Directors, July 1999. Am J
Respir Crit Care Med. 1999;160(6):2118-24.

Muellenbach RM, Kredel M, Kunze E, Kranke P, Kuestermann J, Brack A, et al. Prolonged
heparin-free extracorporeal membrane oxygenation in multiple injured acute respiratory
distress syndrome patients with traumatic brain injury. J Trauma Acute Care Surg. 2012;
72(5):1444-17.

Rouby JJ, Brochard L. Tidal recruitment and overinflation in acute respiratory distress syn-
drome: yin and yang. Am J Respir Crit Care Med. 2007;175(2):104-6.

Pugin J, Verghese G, Widmer MC, Matthay MA. The alveolar space is the site of intense
inflammatory and profibrotic reactions in the early phase of acute respiratory distress syn-
drome. Crit Care Med. 1999;27(2):304—12.

Pranikoff T, Hirschl RB, Steimle CN, Anderson HL, 3rd, Bartlett RH. Mortality is directly
related to the duration of mechanical ventilation before the initiation of extracorporeal life
support for severe respiratory failure. Crit Care Med. 1997;25(1):28-32.

Jackson RM. Pulmonary oxygen toxicity. Chest. 1985;88(6):900-5.

Davis WB, Rennard SI, Bitterman PB, Crystal RG. Pulmonary oxygen toxicity. Early revers-
ible changes in human alveolar structures induced by hyperoxia. N Engl J Med. 1983;
309(15):878-83.

Beiderlinden M, Eikermann M, Boes T, Breitfeld C, Peters J. Treatment of severe acute respi-
ratory distress syndrome: role of extracorporeal gas exchange. Intensive Care Med.
2006;32(10):1627-31.

Mols G, Loop T, Geiger K, Farthmann E, Benzing A. Extracorporeal membrane oxygenation:
a ten-year experience. Am J Surg. 2000;180(2):144-54.



	Chapter 2: Hypoxemic Respiratory Failure: Evidence, Indications, and Exclusions
	Evidence
	 Indications
	 Exclusions
	References


