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What is ECMO ?
• Extra Corporeal Membrane Oxygenation

• ECLS ( Extra Corporeal Life Support)

• Prolonged but temporary support of heart and lung functions using mechanical 
devices

• Typically used for REVERSIBLE respiratory or cardiovascular failure not 
responding to conventional treatment

• Many related technologies/ devices/ treatment- ECCO2R, LVAD, RVAD, BiVAD, 
ECLA, Extracorporeal Pumpless Lung Assist (PECLA)

• Using vascular access, blood is drained, passed/pumped through a gas 
exchanger (oxygenator) and infused back.
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3 yr old accidentally ingested lamp oil 4 hrs ago.
severe resp distress, Sp02 88% on NRB, febrile

intubated at community hosp. ED, difficult to ventilate 
and oxygenate, transported by helicopter

ABG 6.84/ 103/ 46/ - 12

conv vent, PRVC, TV 6 cc/kg,  rate 20, PEEP 12, 
FiO2 1.0 Pplat 42, PIP 51

ABG: 7.02/97/42/-8

CXR B/L infilrtates, pneumomediastinum, SQ air
prone, iNO, steroids, long Exh time,suctioning, trial of 

HFOV,
SpO2 76, pH 6.8, PaCO2 112, PaO2 38, lactate 7.4

CASE 1
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 7-year-old girl  sustained a crush injury to her torso when an 

automobile rolled onto her chest.  initially alert and talking;  

mental status rapidly deteriorated to GCS of 3. Intubated ; now 

hypotensive

Level1 : SBP 70-90 , hypoxic on 100%, PEEP14 ( spO2 86) , 
Decreased BS rt chest- Chest tube ( Tension PTX)- Epi, DA still 
hypotensive. CT Head/ abd/pelvis/chest -ve. 

ECHO- EF 15%, DB added, CK increased, pneumo, SQ 
emphysema-

VA ECMO- RIJV-RCC, bronch -ve. 24 hr- weaned off pressors, Day 
7 LV EF 60%, ECMO weaned, decannulated 143 hrs, extubated

Discharged post-injury day 18, back to school 2 weeks after D/C

CASE 2
The Journal of Trauma: Injury, Infection, and Critical Care:
 2007;  63 (6) :1380
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• Review of Pediatric Respiratory failure

• Concept of  Lung rest/ Lung protection

• Neonatal ECMO Vs. Pediatric ECMO

• Indications: ECMO for respiratory failure

• Other indications: Cardiac, ECPR, Sepsis, Metabolic, Warming, Trauma, 
Burns,airway surgery

• Contraindications

• Outcomes

• Review of evidence

Outline
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Acute Lung Injury : Hypoxemic respiratory failure with PaO2 /FiO2 < 300 , 
Chest XRay findings & Pulm Art wedge( LVEDP) <18 mm. Irrespective of 
PEEP

ARDS : when PaO2/FiO2 < 200

• Primary : pneumonia, aspiration, inhalation, drowning, contusion

• Secondary: Sepsis, Shock, CPB, TRALI, Hypoxemic arrest, Pancreatitis, 
Drugs

ARDS & ALI
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ARDS lungs : Are they stiff ?
•In 1970s, the ARDS lungs were considered  

homogeneously “stiff”  and heavy. Consequently, one 
required higher pressures to ventilate these lungs in 
order to achieve NORMAL PaCO2 & PaO2

•Gattinoni et al (1987) showed that ARDS lungs are not 
uniformly diseased as seen in Anterior-Posterior Plain 
radiographs, but the are non-homogenous on a Chest 
CT with increased densities on dependent regions.
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[21]. In other words, compliance appears to “measure” the
dimension of the “baby lung” [22] (Fig. 2). We then dis-
covered that the ARDS lung is not “stiff” at all, but small,
and that the elasticity of the residual inflated lung is nearly
normal, as indicated by the specific tissue compliance
(compliance/normally aerated tissue) [21, 23].

When we first elaborated these concepts, we believed
that the “baby lung” was a healthy anatomical structure,
located in the nondependent regions of the original lungs.
This model helped account for the disaster observed during
high-volume and pressure mechanical ventilation. It was
easily understandable that ventilating the lung of a healthy
child with, for example, 1000 ml VT, would destroy it. The
relationship between the “baby lung” size and compliance
explained why, on quite a large ARDS population with
similar gas exchange impairment (referred to our hospital
for extracorporeal support), only the patients with com-
pliance below 20 ml/cmH2O (“baby lung” approx. 20% of
the original lung) actually received extracorporeal assis-
tance while the others, with similar gas exchange but better
compliance, could be treated with alternative methods [16].
Moreover, the “baby lung” concept fitted neatly with the
concept of volutrauma (straining of the “baby lung”) in-
troduced by Dreyfuss et al. [24]. This helped provide a
solid rational basis for trying to achieve “lung rest.”

As soon as we realized that the “baby lung” was located
primarily in the nondependent lung regions, we started to
use the prone position. The goal was to improve oxygen-
ation by increasing perfusion of the anatomical “baby
lung,” which was expected to be dependent in the prone
position. Oxygenation did actually improve in the majority
of patients. However, when we examined CT images in the
prone position to confirm the theory [25], we found that the

Fig. 1 Anteroposterior chest
radiography (right) and CT—
apex, hilum, and base—(left)
in ARDS from sepsis, taken at
5 cmH2O end-expiratory pres-
sure. Chest radiography shows
diffuse ground glass opacifica-
tion, sparing the right upper
lung. CT shows inhomogeneous
disease and both the craniocau-
dal and sternovertebral gradi-
ents. (From Gattinoni et al.
[20])

Fig. 2 Starting compliance (Cstart) as a function of residual in-
flated lung expressed as percentage of the expected normal lung
volume. (Redrawn from Gattinoni et al. [22])
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Baby Lung rather than Stiff lung

•3 compartment model : open, collapsed irreversibly,  and collapsed but 
recruitable.

•Uneven distribution of delivered tidal volume : leads to over distention of 
healthy lung segments

•Treat the ARDS lungs as smaller lung rather than diffusely stiff lung 
(equivalent of a healthy 5 year old)

•Coined the term “Baby Lung”

Gattinoni et al: Am Rev Respir Dis 136:730-36; 1987
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 Ventilator Induced Lung Injury

•Not just barotrauma , but...

•Volutrauma

•Biotrauma

• Atelectotrauma

•Oxygen toxicity

•Mechanical injury

•Infections, cliliary motility
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Pneumopericardium Subcutaneous Emphysema

Ventilator-induced Lung Injury
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 ARDS: Current Lung Protective Approach
•Tidal Volume 6 ml/kg ( ideal body wt)

•PEEP > Lower Inflection Point

•Plateau Pressure < 35 cm

•FiO2 < 0.6

•RR  adjust to keep target pH

•Target pH >7.2 (?), use NaHCO3

•Use Recruitment maneuvers

Friday, July 13, 12



Conceptual basis for ECMO

• Many primary & secondary lung injuries make lung ineffective/ unable to 
perform optimal gas exchange function

• For many years, we tried to  “flog the dying horse” to get normal blood gases

• Now we like....kinder, gentler ventilation

• ECMO conceptually offers ideal & ultimate lung protective strategy

• With ECMO, No need to have sub-optimal oxygen delivery, high inspired 
oxygen related  lung toxicity, Barotrauma, Volutrauma, Decrease venous 
return, VILI...
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Indications

•Severe acute hypoxemic respiratory failure due to reversible cause with poor 
response to conventional therapies

•OI >40, Predicted Mortality >80%      (OI= FiO2/PaO2 x MAP x100)

•Acute reversible hypercapneic respiratory failure with poor response to conv. Rx

•Acute reversible cardiovascular failure with inadequate response to medical 
management

•Etiology could be varied: infections, trauma, toxins, aspirations, surgical, ALI, 
arrhythmias, asthma

•Newer indications:
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Cardiovascular Failure
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Contraindications

•Irreversible underlying cause for respiratory or cardiovascular failure

•Any contraindications for  systemic anticoagulation, CNS bleed etc.

•Terminal condition

•Relative-  ? long course ( >7-10 d) of invasive mechanical ventilation

•Severe neurological injury or insult

•Trisomy 21, BMT, Burns, bleeding patient
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Veno-Venous vs Veno-Arterial ECMO

Feature VA V V
Cannulation site IJ/RA/FV plus CC,Ax,FA IJ alone +/-FV, RA

ECMO flow 80-100ml/kg/min 120-150
Typical PaO2 60-150 torr 45-80 torr

Cardiac support +++ +/-
DO2 High Moderate

Recirculation - +
Systemic embolization High Risk Low Risk

Flow pattern Non-pulsatile Pulsatile
Cannulation Open Open/ PerQ
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Cannula Configurations
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4 year old Passenger in MVA, intubated at scene- Rt frontal 

Contusion on CT scan. ICP monitor placed, dc'd 48 hrs. Needed 

lap for jejunal perforation on day 3. 

Developed septic shock, ARDS day 4. OI 55 P/F 56, HFOV- air 
leaks, B/L Chest tubes. ECMO VV initiated Day 5. RIJV-RFV, 
Cephalad RIJ Catheter as well

Bleeding from surgical sites, wounds. Amicar started, Aprotonin 

started- improvement after 72 hrs.

Developed Anuric Renal failure, started CVVH. Circuit changed 
Days 9 & 17. Broch x2 for plugs

Weaned of ECMO day 29, extubated Day 34. Neurological/ 
respiartory OK  on Follow-up

CASE
J Pediatr Surg 38:1221-1226. 2003
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 ECMO in trauma ? (indications)
• ARDS (SIRS related)

• Fat/pulmonary embolism (long bones/ pelvic fractures)

• Pulmonary Contusion (direct lung injury)

• Tracheo-bronchiolar injury

• Smoke Inhalation

• Major burns, esp. to torso

• Myocardial Contusion
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Acute respiratory distress syndrome is as important as
inhalation injury for the development of respiratory
dysfunction in major burns§

Ingrid Steinvall a,c,*, Zoltan Bak a,b, Folke Sjoberg a,b,c

aThe Burn Unit, Department of Hand and Plastic Surgery, Linköping University Hospital, 581 85 Linköping, Sweden
bDepartment of Intensive Care Medicine, Linköping University Hospital, 581 85 Linköping, Sweden
cDepartment of Biomedicine and Surgery, Faculty of Health Sciences, Linköping University Hospital, 581 85 Linköping, Sweden
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Respiratory dysfunction is common after major burns. The pathogenesis is, however, still

under debate. The aim was to classify and examine underlying reasons for respiratory

dysfunction after major burns. Consecutive adult patients (n = 16) with a total burned body

surface area of 20% or more who required mechanical ventilation were assessed for acute

respiratory distress syndrome (ARDS), inhalation injury, sepsis, ventilator-associated pneu-

monia (VAP), ventilator-induced lung injury (VILI), using conventional criteria, togetherwith

measurements of cardiovascular variables and viscoelastic properties of the lung including

extravascular lung water.

Nine patients developed ARDS within 6 days of injury. ARDS was characterized by a

large reduction in the PEEP-adjusted PaO2:FiO2 ratio, pulmonary compliance, and

increased extra vascular lung water together with increased renal dysfunction rates.

Sevenpatients fulfilled the criteria for inhalation injury. They alsohaddecreasedPaO2:FiO2

ratios. There was an increase in extra vascular lung water and a decrease in compliance

measures though not to the same extent as in the ARDS group. White blood cell counts

dropped from (mean) 21.4 ! 109 l"1 (95%CI 15.3–27.5) in day 1 to 4.3 ! 109 l"1 (2.2–6.5) onday

3, and lower values tended to correlate with the development of ARDS. Sepsis occurred

before onset of ARDS in only three cases. One patient fulfilled the criteria for VAP, but none

was thought to have VILI.

We found that respiratory dysfunction after burns is multifactorial, and ARDS and

inhalation injury are most important. The early onset of ARDS, together with the changes

in white blood cell count and organ dysfunction, favours a syndrome in which respiratory

distress is induced by an inflammatory process mediated by the effect of the burn rather

than being secondary to sepsis. The power of these conclusions is, however, hampered by

the small number of patients in this study.

# 2007 Elsevier Ltd and ISBI. All rights reserved.

§ The studywas performed at the Burn Unit and financed by the Department of Hand and Plastic Surgery Linköping, University Hospital,
Östergötland County Council.
* Corresponding author at: The Burn Unit, Department of Hand and Plastic Surgery, Linköping University Hospital, 581 85 Linköping,

Sweden. Tel.: +46 13 22 12 81; fax: +46 13 22 37 05.
E-mail addresses: ingrid.steinvall@lio.se (I. Steinvall), zoltan.bak@lio.se (Z. Bak), folsj@ibk.liu.se (F. Sjoberg).

avai lab le at www.sc iencedi rec t .com

journal homepage: www.e lsev ier .com/ locate /burns
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Traumatic lung injury treated by extracorporeal
membrane oxygenation (ECMO)

J.A. Cordell-Smith a,b,*, N. Roberts a,c, G.J. Peek a, R.K. Firmin a

aHeartlink ECMO Centre, The Glenfield Hospital, Groby Road, Leicester LE3 9QP, UK
bDepartment of Orthopaedic & Trauma Surgery, Morriston Hospital, Swansea SA6 6NL, UK
cNorthern General Hospital, Herries Road, Sheffield S5 7AU, UK
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Injury, Int. J. Care Injured (2006) 37, 29—32
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Summary

Background: Conventional mechanical ventilation is the mainstay of treatment for
severe respiratory failure associated with trauma. However, when extensive lung
injury is present, this technique may not be sufficient to prevent hypoxia, and
furthermore, may exacerbate pulmonary damage by barotrauma. Extracorporeal
membrane oxygenation (ECMO) has been used successfully in critically ill adult
trauma patients and can offer an additional treatment modality. This study reports
the use of ECMO in a cohort of adults referred with severe respiratory failure following
trauma.
Methods: Retrospective analysis over an 8-year period of all 28 adult patients
referred to a single tertiary unit for ECMO support. Survival relative to Injury severity
score (ISS), lung injury score (Murray grade), duration of treatment and patient age
was evaluated.
Results: Twenty of 28 patients who received ECMO with severe trauma related
respiratory failure (mean PaO2/FiO2 of 62 mmHg) survived. Most patients had long
bone fractures, blunt chest trauma, or combined injuries. Lung injury and injury
severity scores, patient age, ECMO duration and oxygenation indices pre-ECMO (PaO2/
FiO2) were similar in both the survivor and non-survivor groups.
Conclusion: A high proportion of trauma patients treated with ECMO for severe lung
injury survived. This outcome appears to compare favourably to conventional venti-
lation techniques and may have a role in patients who develop acute severe
respiratory distress associated with trauma.
# 2005 Elsevier Ltd. All rights reserved.

* Corresponding author. Fax: +44 1792 703201.
E-mail address: jamescordellsmith@hotmail.com (J.A. Cordell-Smith).
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Michigan Experience in Adults             
Michaels, Andrew J. MD, MPH; Schriener, Robert J. MD; Kolla, Srinivas MD; Awad, Samir S. MD; Rich, Preston B. MD; Reickert, Craig MD; Younger, John MD; 
Hirschl, Ronald B. MD; Bartlett, Robert H. MD            
 The Journal of Trauma: Injury, Infection, and Critical Care 46(4), April 1999,

• 30 adults (>15yr) from 1989-97, with risk of mortality >80%

• 83% blunt trauma

• 56% weaned off, 50% discharged home

• Renal failure and VA support more common in non-survivors

• All were heparinized: 58% Bleeding complication (Reqd Intervention)- not 
causative of mortality

• 63% underwent operative procedures during ECLS

• Early ECLS ( <5 d MV) associated with improved survival
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Extracorporeal Life Support for Posttraumatic Acute Respiratory
Distress Syndrome at a Children’s Medical Center
By James D. Fortenberry, Andreas H. Meier, Robert Pettignano, Michael Heard,

C. Robert Chambliss, and Mark Wulkan
Atlanta, Georgia and Orlando, Florida

Background: Primary traumatic injury was considered previ-
ously a contraindication for institution of extracorporeal life
support because of high risk for persistent or new bleeding.
Published experience in adults suggests that extracorporeal
membrane oxygenation (ECMO) can successfully support
trauma victims with pulmonary failure. The authors re-
viewed their experience with the use of ECMO in pediatric
and adult trauma patients with acute respiratory distress
syndrome (ARDS) at a children’s medical center.

Methods: ECMO Center records from 1991 through 2001 (76
children, 8 adults) were reviewed to identify all patients with
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matic ARDS in addition to documented trauma.

Results: Five children and 3 adults with traumatic injury and
ARDS received ECMO support. Seven patients were injured
in motor vehicle collisions; one patient suffered a gunshot
wound to the chest. Patient ages ranged from 21 months to
29 years (pediatric median, 4 years; range, 21 months to 18
years). Four patients had pre-ECMO laparotomies, including

3 who required splenectomy. Four patients had liver lacera-
tions, 3 had pulmonary contusions, and 1 had a renal contu-
sion. Median ventilation before ECMO was 6 days (range, 2
to 10). Seven of 8 patients were placed on venovenous (VV)
ECMO. Seven patients had significant bleeding on ECMO.
Patients were treated with blood product replacement, epsi-
lon-aminocaproic acid (EACA), and aprotinin infusions. Sur-
gical intervention was not required for bleeding. Six patients
received hemofiltration. Median time on ECMO was 653
hours (range, 190 to 921 hours). Six of 8 patients overall
survived (75%). Four of 5 pediatric patients survived.

Conclusions: Children and adults with severe posttraumatic
ARDS can be treated successfully on VV extracorporeal sup-
port. Hemorrhage occurs frequently but is manageable.
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direct injury or from secondary acute respiratory distress
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apeutic modality that can provide cardiorespiratory sup-
port while allowing lung rest for patients with acute
respiratory failure.3 Traumatic injury was once consid-
ered a contraindication for institution of ELS, primarily
because of the high risk for severe bleeding in the
presence of systemic heparinization required for extra-
corporeal circuits.4 However, increasing experience in
adults suggests that ELS provided by extracorporeal
membrane oxygenation (ECMO) can be performed suc-
cessfully in adult trauma victims with pulmonary
failure.4,5

Based on adult (and limited pediatric) experience, we
have utilized ECMO in children with posttraumatic acute
respiratory distress syndrome (ARDS) and in adult
trauma patients referred to our institution for ECMO.
This report reviews our experience with ECMO in these
patients.

MATERIALS AND METHODS
Children’s Healthcare of Atlanta Institutional Review Board ap-

proval was obtained for review of ECMO patient medical records.

Medical records of all patients treated with ECMO at Children’s
Healthcare of Atlanta at Egleston (formerly Egleston Children’s Hos-
pital) from 1991 through 2001 were reviewed to identify all patients
with a diagnosis of postsurgical or traumatic ARDS (ICD-9 code 518.5
as a primary or secondary diagnosis). The study group then was limited
to include only patients who had blunt or penetrating trauma as the
primary etiology associated with respiratory failure. Four burn patients
with secondary ARDS were identified and excluded from this review.
Patients receiving ECMO after near-drowning events, toxic ingestions,
hydrocarbon and foreign body aspirations, or after elective surgical
procedures also were excluded.

Demographic information, indications for ECMO, duration of
ECMO, and complications during ECMO were recorded. Pediatric
patients were defined as !18 years of age. Significant bleeding was
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Atlanta Children’s Experience (5 children+ 3 Adults)

• Median age 12.5 years ( 4 yrs for the children)

• Pre-ECMO ventilator days : 6

• 4/5 children- VV ECMO

• 7/8 had additional cephalad cannula

• Median ECMO run : 12 days ( 18 d in children)

• 5/8 required CVVH
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Atlanta Children’s Experience (5 children+ 3 Adults)

• Significant bleeding in 7/8- EACA used routinely

• Mechanism : MVA 7,  GSW 1

• Liver Laceration : 4

• Splenic Laceration : 4

• Lung contusion : 3

• Kidney contusion : 1

• CNS contusion : 2

• SDH ( minor) : 1

• Pneumothorax : 2

• Multiple femoral/pelvic fractures: 1

• Pre-ECMO lapratomies : 5

• ICP monitor : 1

75% SURVIVAL to DISCHARGE
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Unproven rescue therapies
• Tracheal Gas Insufflation

• Permissive hypercapnia

• Inhaled Nitric Oxide

• High PEEP

• Recruitment Maneuvers

• High Frequency Oscillatory 
Ventilation

• Prone positioning

• Corticosteroids

• APRV

• Surfactant

• Inhaled Prostacyclin
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Neonatal ECMO- Evolution
• 1976 : Bartlett case report Esperanza      (Trans Am Soc Artif Intern Organs 1976: 22:80)

• 1982 : Series of 45 newborns (MAS, PPHN, CDH)     (Surgery 1982; 92: 425)

• 1989 : O’Rourke RCT in PPHN                  (Pediatrics, 1989; 84:957)

• 1996:  UK Collaborative ECMO Trial - 185 babies, 1-year survival 59% 
survival vs 32% in controls, p=0.0005. No increase in CNS disability. Cost-
effective                                                     (Lancet 1996; 348:75)

• 2000- iNO use  leads to significant reduction in need for ECMO for PPHN & 
MAS.                                                          (Pediatrics 2000; 106: 1339)
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Pediatric ECMO- evidence
• All case series- single institution

• ELSO database
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Abstract
Aim: We aimed to examine outcomes of extracorporeal membrane oxygenation (ECMO) therapy in
the pediatric population and identify pre-ECMO and on-ECMO characteristics that are associated
with survival.
Methods: We retrospectively reviewed the ECMO records at our institution between 1999 and 2008 and
selected pediatric patients who were cannulated for respiratory failure or hemodynamic instability
resistant to conventional interventions. We recorded details of pre-ECMO clinical characteristics,
including blood gas variables and mechanical ventilatory support, and details of ECMO therapy
including survival off ECMO and to hospital discharge. Predictors of survival were analyzed using
logistic regression modeling and a prediction algorithm was developed.
Results: Of the 445 ECMO runs, data from 58 consecutive patients were analyzed: 57% were
successfully decannulated, and 48% survived to discharge from the hospital. The cohort included 32
(55%) female patients, 22 postoperative patients (38%), and 15 (26%) with an immunosuppressive
condition, with a median age of 5 years and weight 19.5 kg, The mean duration of pre-ECMO
respiratory support was 3 days, in the form of high-frequency oscillatory ventilation (n = 28, 48%) and
conventional mechanical ventilation (n = 13, 22%). The median duration (interquartile range) of ECMO
support was 142 hours (60, 321) or 5.9 days. Pre-ECMO pH above 7.2 (P b .001) and oxygenation
index below 35 (P = .021) were associated with the highest survival rates. Pre-ECMO PaCO2 and
duration of mechanical ventilation were not associated with survival.
Conclusions: Based on our results, ECMO therapy should be considered early in children with
oxygenation index greater than 35 with worsening metabolic status. The restriction of ECMO based on
ventilator days alone needs to be revisited in this era of lung protective ventilation.
© 2010 Elsevier Inc. All rights reserved.

Over the past 20 years, extracorporeal membrane
oxygenation (ECMO) as a form of extracorporeal life
support (ECLS) has been increasingly applied in children
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10 yr, 58 children, 57% 
decannulated, 48% discharged. 
OI < 35 & pH >7.2 associated 
with survival, Mean 5.9 days
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Effect of preextracorporeal membrane oxygenation
ventilation days and age on extracorporeal membrane
oxygenation survival in critically ill children☆
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Abstract
Purpose: The aim of the study is to test the effect of age and preextracorporeal membrane oxygenation
(pre-ECMO) days of ventilation on ECMO survival in the pediatric population.
Methods: Retrospective analysis of noncardiac, pediatric (age N30 days) ECMO patients for the period
January 1984 to June 2006. Pre-ECMO demographic, ventilatory, and lung injury severity variables were
modeled with stepwise logistic regression to estimate survival probabilities associated with pre-ECMO
ventilation duration and patient age. Patients were excluded from review for the following: pre-ECMO
cardiac arrest, pre-ECMO ventilation of more than 30 days (chronic), or multiple runs on ECMO.
Results: For the period of review, 2550 patients met inclusion/exclusion criteria. The population had a
mean age of 3.6 ± 5.1 years (median age, 1 year). The mean pre-ECMO days of ventilation were 5.2 ± 4.9
(median, 4 days). The overall survival probability was 58.6%. Themean oxygen index and PaO2/FiO2 ratio
were 62.2 ± 48.2 and 95.5 ± 48.2, respectively. The population overall demonstrated a statistically
significant, exponential decline in survival as pre-ECMO days of ventilation increased (P b .05). For each
additional year of age, survival decreased by an average of 2.5%. For each additional day of pre-ECMO
ventilation, survival decreased by an average of 2.9%. Younger ages were generally associated with higher
survival probabilities at each ventilation day.
Conclusions: In the pediatric population, survival decreases significantly as pre-ECMO ventilator days
increase. Survival is also inversely related to patient age. Thus, patient age and duration of ventilation
should be considered when evaluating suitability for ECMO.
© 2009 Elsevier Inc. All rights reserved.

Since its introduction in the 1980s, extracorporeal
membrane oxygenation (ECMO) has been used for support
in more than 29,000 pediatric patients [1]. Although ECMO
offers hope in critically ill children, it is a resource-intense
intervention with associated morbidity. To help define the

☆ Presented at the Section on Critical Care of the American Academy
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22 yr, 2550 children, 58% 
survival, 

Mean Vent days 5.2, 
2.5% decrease in survival with 

each additional day of 
mechanical ventilation
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Pediatric Critical Care

Extracorporeal membrane oxygenation for pediatric respiratory
failure: Survival and predictors of mortality*

Luke A. Zabrocki, MD; Thomas V. Brogan, MD; Kimberly D. Statler, MD; W. Bradley Poss, MD;
Michael D. Rollins, MD; Susan L. Bratton, MD

Acute respiratory failure (ARF)
is a common condition treated
in pediatric intensive care
units and remains an impor-

tant cause of morbidity and mortality.
Strategies to improve the treatment of
severe disease include small tidal volume
ventilation (1), high-frequency oscilla-
tory ventilation (HFOV) (2), surfactant
therapy (3, 4), inhaled nitric oxide (5),
prone positioning (6–9), kinetic therapy
(10), and corticosteroid administration

(11). Despite these efforts, the reported
mortality rates of ARF due to acute lung
injury or acute respiratory distress syn-
drome (ARDS) in pediatric patients re-
main high (18% to 35%) (12–14).

Extracorporeal membrane oxygen-
ation (ECMO) has been used for nearly 30
yrs as “rescue” therapy for pediatric ARF;
however, optimal use relies on appropri-
ate patient selection. The ideal candidate
has high predicted mortality yet poten-
tially reversible lung injury. The cur-
rently available data used to guide patient
selection rely primarily on multicentered
reports encompassing data analyzed be-
fore 1994 (15–18). These studies demon-
strated survival approximating 50% over-
all, with improved survival associated
with younger age, lower pre-ECMO ven-
tilator pressures, better oxygenation, and
shorter duration of mechanical ventila-
tion before ECMO support.

The need to institute ECMO before the
development of ventilator-induced lung
injury was demonstrated by several
early studies in pediatric (17, 19) and
adult (20) patients. Due to a lower sur-
vival for patients with longer pre-ECMO

ventilation times, accepted pediatric
criteria for patient selection typically
include mechanical ventilation of
!7–10 days (21, 22).

The Extracorporeal Life Support Orga-
nization (ELSO) provides education, sup-
port, and certification for ECMO centers
worldwide and maintains a registry of
treated patients. We used this to identify
subjects and analyze patient characteris-
tics associated with death for infants and
children supported by ECMO for ARF
from 1993 to 2007. We hypothesized that
survival in this time period would be un-
changed but that patients would be more
medically complex and preexisting condi-
tions would be associated with mortality
(23, 24).

MATERIALS AND METHODS

ELSO collects case data from "115 ECMO
centers worldwide through voluntary report-
ing. Data include a primary indication for
ECMO therapy designated as “pulmonary,”
“cardiac,” or “E-CPR” and detailed patient de-
mographics and ECMO support data. The
ELSO registry (Ann Arbor, MI) was queried for
all pediatric patients !18 yrs of age treated

*See also p. 415.
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Objective: The last multicentered analysis of extracorporeal
membrane oxygenation in pediatric acute respiratory failure was
completed in 1993. We reviewed recent international data to
evaluate survival and predictors of mortality.

Design: Retrospective case series review.
Setting: The Extracorporeal Life Support Organization Registry,

which includes data voluntarily submitted from over 115 centers
worldwide, was queried. The work was completed at the Division
of Pediatric Critical Care, Department of Pediatrics, Primary Chil-
dren’s Medical Center, University of Utah, Salt Lake City, UT.

Subjects: Patients aged 1 month to 18 yrs supported with
extracorporeal membrane oxygenation for acute respiratory fail-
ure from 1993 to 2007.

Interventions: None.
Measurements and Main Results: There were 3,213 children

studied. Overall survival remained relatively unchanged over time
at 57%. Considerable variability in survival was found based on
pulmonary diagnosis, ranging from 83% for status asthmaticus to

39% for pertussis. Comorbidities significantly decreased survival
to 33% for those with renal failure (n ! 329), 16% with liver
failure (n ! 51), and 5% with hematopoietic stem cell transplan-
tation (n ! 22). The proportion of patients with comorbidities
increased from 19% during 1993 to 47% in 2007. Clinical factors
associated with mortality included precannulation ventilatory
support longer than 2 wks and lower precannulation blood pH.

Conclusions: Although the survival of pediatric patients with
acute respiratory failure treated with extracorporeal membrane
oxygenation has not changed, this treatment is currently offered
to increasingly medically complex patients. Mechanical ventila-
tion in excess of 2 wks before the initiation of extracorporeal
membrane oxygenation is associated with decreased survival.
(Crit Care Med 2011; 39:364 –370)

KEY WORDS: extracorporeal membrane oxygenation; pediatrics;
respiratory insufficiency; comorbidity; mortality; extracorporeal
life support; ventilator-induced lung injury

364 Crit Care Med 2011 Vol. 39, No. 2

15 yr Data from 115 centers worldwide. 
 3,213  Peds Resp ECMO: 57% survival. More complex kids with MOSF.
 Low pH, > 2weeks of MV associated with increased mortality
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as normal perfusion and blood pressure;
maintain or restore threshold HR.

Therapeutic End Points (Level III).
Capillary refill !2 secs, normal pulses
with no differential between the quality of
peripheral and central pulses, warm ex-
tremities, urine output !1 mL/kg/h, nor-
mal mental status, normal blood pressure
for age (noninvasive blood pressure only
reliable when pulses palpable), normal
glucose concentration, normal ionized
calcium concentration.

Monitoring (Level III). Pulse oximeter,
continuous electrocardiography, blood
pressure and pulse pressure. Note pulse

pressure and diastolic pressure to help
distinguish between low SVR (wide pulse
pressure due to low DBP) and high SVR
(narrow pulse pressure). Temperature,
urine output, glucose, ionized calcium.

Airway and Breathing (Level III). Air-
way and breathing should be rigorously
monitored and maintained. Lung compli-
ance and work of breathing may change
precipitously. In early sepsis, patients of-
ten have a respiratory alkalosis from cen-
trally mediated hyperventilation. As sepsis
progresses, patients may have hypoxemia as
well as metabolic acidosis and are at high
risk to develop respiratory acidosis sec-

ondary to a combination of parenchymal
lung disease and/or inadequate respira-
tory effort due to altered mental status.
The decision to intubate and ventilate is
based on clinical assessment of increased
work of breathing, hypoventilation, or
impaired mental status. Waiting for con-
firmatory laboratory tests is discouraged.
Up to 40% of CO is used for work of
breathing. Therefore, intubation and me-
chanical ventilation can reverse shock. If
possible, volume loading and peripheral
or central inotropic/vasoactive drug sup-
port is recommended before and during
intubation because of relative or absolute
hypovolemia, cardiac dysfunction, and
the risk of suppressing endogenous stress
hormone response with agents that facil-
itate intubation. Etomidate is not recom-
mended. Ketamine with atropine pretreat-
ment and benzodiazepine postintubation can
be used as a sedative/induction regimen
of choice to promote cardiovascular in-
tegrity. A short-acting neuromuscular
blocker can facilitate intubation if the
provider is confident she/he can maintain
airway patency.

Circulation (Level II). Vascular access
should be rapidly attained. Establish in-
traosseous access if reliable venous access
cannot be attained in minutes. Fluid re-
suscitation should commence immedi-
ately unless hepatomegaly/rales are
present. Recall that rales may be heard in
children with pneumonia as a cause of
sepsis, so it does not always imply that
the patient is fluid overloaded. If pneu-
monia is suspected or confirmed, fluid
resuscitation should proceed with careful
monitoring of the child’s work of breath-
ing and oxygen saturation. In the fluid-
refractory patient, begin a peripheral ino-
trope (low-dose dopamine or epinephrine)
if a second peripheral IV/intraosseus
catheter is in place, while establishing a
central venous line. When administered
through a peripheral IV/intraosseus cath-
eter, the inotrope should be infused ei-
ther as a dilute solution or with a second
carrier solution running at a flow rate to
assure that it reaches the heart in a
timely fashion. Care must be taken to
reduce dosage if evidence of peripheral
infiltration/ischemia occurs as alpha-
adrenergic receptor-mediated effects oc-
cur at higher concentrations for epineph-
rine and dopamine. Central dopamine,
epinephrine, or norepinephrine can be
administered as a first line drug as indi-
cated by hemodynamic state when a cen-
tral line is in place. It is generally appro-
priate to begin central venous infusion

Figure 1. Algorithm for time sensitive, goal-directed stepwise management of hemodynamic support
in infants and children. Proceed to next step if shock persists. 1) First hour goals—Restore and
maintain heart rate thresholds, capillary refill !2 sec, and normal blood pressure in the first
hour/emergency department. Support oxygenation and ventilation as appropriate. 2) Subsequent
intensive care unit goals—If shock is not reversed, intervene to restore and maintain normal perfusion
pressure (mean arterial pressure [MAP]-central venous pressure [CVP]) for age, central venous O2

saturation !70%, and CI !3.3, "6.0 L/min/m2 in pediatric intensive care unit (PICU). Hgb, hemo-
globin; PICCO, pulse contour cardiac output; FATD, femoral arterial thermodilution; ECMO, extra-
corporeal membrane oxygenation; CI, cardiac index; CRRT, continuous renal replacement therapy; IV,
intravenous; IO, interosseous; IM, intramuscular.

677Crit Care Med 2009 Vol. 37, No. 2

ACCM 2007 Pediatric Septic 
Shock clinical guidelines

Crit Care Med 2009; 37:666 – 688
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Feature Articles

Central extracorporeal membrane oxygenation for refractory
pediatric septic shock

Graeme MacLaren, MBBS, FCICM, FRACP; Warwick Butt, MBBS, FRACP, FCICM; Derek Best, RN, RSCN, BN;
Susan Donath, BSc, MA

Sepsis is one of the leading
causes of death in children
worldwide (1, 2). In poorer
countries, many deaths may be

attributable to malnutrition and inade-
quate health care, but mortality rates
among children hospitalized with sepsis

in developed countries may still be as
high as 10.3%, despite greater resource
provision (3). In both developing and in-
dustrialized countries, the development
of shock and multiorgan dysfunction syn-
drome is the most important determi-
nant of mortality (2, 4). The American
College of Critical Care Medicine has
published guidelines to assist clinicians
caring for children with septic shock (5).
For shock unresponsive to all other ther-
apies, they suggest that extracorporeal
membrane oxygenation (ECMO) be con-
sidered. Standard venoarterial ECMO,
with cannulas being placed in the blood
vessels of the neck or groin, can be used
to provide short-term, complete cardiac
and respiratory support for children with
sepsis (6–8), but the expected survival
rate is !50% (5).

For the last 9 yrs at our institution, we
have preferentially cannulated children
with refractory septic shock through the
chest with the aim of achieving higher
flow rates and reversing shock more
quickly. This involves performing a ster-

notomy and cannulating the right atrium
and aorta (central ECMO), as opposed to
the usual method of cannulating the fem-
oral or jugular vein and the femoral or
carotid artery (peripheral ECMO). Pre-
liminary data showed that the central ap-
proach might be associated with superior
outcomes (7). We now present a full re-
view of all children placed on central
ECMO for refractory septic shock at our
institution. As septic shock in neonates is
a different entity to septic shock in older
children and is associated with better sur-
vival (5, 9, 10), we excluded neonatal pa-
tients from the study.

MATERIALS AND METHODS

The ECMO database of the pediatric inten-
sive care unit, The Royal Children’s Hospital,
Melbourne, Australia, was used to identify all
children who had received ECMO for septic
shock from September 2000 until August
2009. All patient details are entered prospec-
tively into the database, which is approved by
the Institutional Review Board. Patients were
included in the study if: they were placed on
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Objective: To demonstrate positive outcome, to achieve higher
flow rates, and to reverse shock more quickly by implementing
central extracorporeal membrane oxygenation (ECMO) in children
with refractory septic shock. Children hospitalized with sepsis
have significant mortality rates. The development of shock is the
most important risk factor for death. For children with septic
shock refractory to all other forms of therapy, ECMO has been
recommended but estimated survival is <50% and the best
method of applying the technology is unknown. In recent years,
our institutional practice has been to cannulate children with
refractory septic shock directly through the chest (central,
atrioaortic ECMO) to achieve higher blood flow rates.

Design: Retrospective case series.
Setting: Intensive care unit of a tertiary referral pediatric

hospital.
Patients: Twenty-three children with refractory septic shock

who received central ECMO primarily as circulatory support.
Interventions: Central ECMO.
Measurements and Main Results: The primary outcome mea-

sure was survival to hospital discharge. Pre-ECMO circulatory and

ventilatory parameters, infecting organism, duration and compli-
cations of ECMO and length of hospital stay were also collected.
Twenty-three patients (median: age, 6 yrs; weight, 20 kg) over a
9-yr period were included. All patients had microbiological evi-
dence of infection, and meningococcemia was the most common
diagnosis. Twenty-two (96%) patients had failure of at least three
organ systems, and all patients received at least two inotropes
with a mean inotrope score of 82.2 (SD, 115.6). Eight (35%)
patients suffered cardiac arrest and required external cardiac
massage before ECMO. Eighteen (78%) patients survived to be
decannulated off ECMO, and 17 (74%) children survived to hos-
pital discharge. Higher pre-ECMO arterial lactate levels were
associated with increased mortality (11.7 mmol/L in nonsurvivors
vs. 6.0 mmol/L in survivors, p ! .007).

Conclusions: Central ECMO seems to be associated with better
survival than conventional ECMO and should be considered by
clinicians as a viable strategy in children with refractory septic
shock. (Pediatr Crit Care Med 2011; 12:133–136)

KEY WORDS: sepsis; septic shock; pediatric; extracorporeal
membrane oxygenation; cardiac arrest
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Pediatric ECMO- Metabolic
• Metabolic disorders- Urea Cycle disorder

• Rapid clearance of Ammonia- ECMO + CRRT= improved outcomes
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The Journal of Pediatrics Summar et al. 3 7 9 
Volume 128, Number 3 

Effective hemodialysis and hemofiltration driven by 
an extracorporeal membrane oxygenation pump 
in infants with hyperammonemia 

Marshall Summar, MD, John Pietsch, MD, Jayant Deshpande, MD, and 
Gerald Schulman, MD 
From the Departments of Pediatrics, Pediatric Surgery, and Medicine, Vanderbilt University 
Medical Center, Nashville, Tennessee 

Two infants with urea cycle disorders had life-threatening hyperammonemia 
within the first 5 days of life. Both patients were small for dates, poorly oxygenated, 
and hemodynamically unstable. We employed a combination of extracorporeal 
oxygenation and hemodialysis to provide high-flow filtration in a controlled sys- 
tem to rapidly detoxify both patients. (J PEDIATR 1996; 128:379-82) 

The direct relationship between the duration of hyperam- 
monemic  coma and neurologic outcome in neonates with 
metabolic disease underscores the need for rapid detoxifica- 
tion and stabilization. 1, 2 Pharmacologic  scavengers of ex- 
cess nitrogen, al though essential, are inadequate as the sole 
treatment for acute hyperammonemia  in the newborn  infant. 
Direct hemodialysis  is less complex but  suffers f rom tech- 
nical complicat ions related to catheter size and an increased 
risk of  vascular instability. W e  report the use of  an extracor- 
poreal membrane  oxygenation pump to support hemodialy-  
sis in two patients with l ife-threatening hyperammonemia  
resulting from a urea cycle defect. 

C A S E  R E P O R T S  
Patient 1. Patient 1, a white girl born at term, was sent to onr in- 

stitution in hyperammonemic coma at 5 days of age. On the previ- 
ous day, the patient had been seen by a physician because of leth- 
argy, hypothermia to 34* C, and anorexia. She was admitted to the 
local hospital for a sepsis evaluation and observation. On the day 
of admission, she had apnea and a rapid decrease in level of con- 
sciousness. The trachea was intubated and she was transported to 
our institution. When she arrived, the initial studies revealed a 
venous ammonia concentration of 780 gmol/L (normal newborn 
value <80 pmol/L) and a second value of 720 ~tmol/L. The patient 
was treated with sodium benzoate and sodium phenylacetate at 

Supported in part by National Institutes of Health grant 
IR29DK46961-01 (Dr. Summar). 
Submitted for publication Aug. 4, 1995; accepted Oct. 27, 1995. 
Reprint requests: Marshall L. Summar, MD, Assistant Professor of 
Pediatrics, Division of Genetics, Department of Pediatrics, DD- 
2205 MCN, Vanderbilt University Medical Center, Nashville, TN 
37232. 
Copyright © 1996 by Mosby-Year Book, Inc. 
0022-3476/96/$5.00 + 0 9/22/70277 

doses of 250 mg/kg and a 10% solution of arginine hydrochloride 
at 210 mg/kg in 10% dextrose for a 90-minute period.3, 4 The plasma 
amino acid studies showed a large elevation in the citmlline con- 
centration, a low arginine concentration, and a very large elevation 
in the argininosuccinic acid concentration, which establis.~ed a di- 
agnosis of argininosuccinic acid lyase deficiency. After We initial 
loading doses of benzoate, phenylacetate, and arginine, the patient's 
anamonia level remained elevated at 680 prnol/L. Physical exami- 
nation revealed a pale, gray-appearing infant without spontaneous 
respirations or movement. The pupils were sluggishly responsive to 
light, and no purposeful eye movement was noted. A cranial ultra- 
sound study showed no evidence of hemorrhage, and cranial com- 
puted tomography showed only mild, diffuse cerebral edema. Be- 

ECMO 
ECMO/HD 

Extracorporeal membrane oxygenation 
Extracorporeal membrane oxygenation~riven 
hemodialysis 

cause of the poor clinical condition of the patient and the lack of 
a significant response to pharmacologic therapy, it was decided that 
more aggressive therapy in the form of ECMO-driven hemodialy- 
sis was needed to resolve the hyperammonemia and minimize fur- 
ther neurologic damage. 

Patient 2. Patient 2, a boy, was referred to us in profound hyper- 
ammonemic coma at 4 days of age. He had been seen in the local 
physician's office on the morning of admission in a somnolent con- 
dition, at which time complete respiratory failure required tracheal 
intubation; hypotension was treated with parenterally administered 
fluids. After transport to our institution the initial anamonia level 
was 1500 Naaol/L. The patient had no response to an intravenous 
loading dose of nitrogen scavengers, and his blood pressure was 
unstable. Plasma amino acids revealed the absence of citmlline and 
argininosuccinic acid; enzymatic and molecular studies later showed 
carbamyl phosphate synthetase I deficiency. Because of to the crit- 
ical nature of the patient's condition, we elected to use ECMO/HD 
to effect rapid clearance of the ammonia. 
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ELSO  Red book, 3rd edition  2005
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ELSO Results 2004 survival to hospital discharge

• Neonatal Respiratory Failure	        78%

• Neonatal Cardiac Failure 		        37%	

• Pediatric Respiratory Failure	 	  55%

• Pediatric Cardiac Failure	 	        42%
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 Children’s 2010 Data 

• 64 total cases- 52 survived

• 23 neonate- 21 survived

• 33 cardiac- 26 survived

• 8 pediatric- 5 survived 9%

91%

Survived
Died

Neonatal

21%

79%

Survived
Died

Cardiac

38%

63%

Survived
Died

Pediatric

19%

81%

Survived
Died

Total
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Adult ECMO- Evolution

Friday, July 13, 12



Patient Outcome

Dead—Respiratory Dead After Survived After
Improvement Respiratory Respiratory

Therapy' Never Occurred Improvement Improvement
ECMO and MV 34 4 4
MV (control) 41 3 4

'ECMO indicates extracorporeal membrane oxygénation; MV, mechanical
ventilation.

Fig 2.—Number of surviving patients treated by either mechanical
ventilation alone (control group) or supplemented with partial
venoarterial bypass plotted against days after entry into study.
From day 2 to day 11, there were greater number of surviving
patients in bypass group: ECMO, extracorporeal membrane
oxygénation.

• Mechanical Ventilation
o Mechanical Ventilation & ECMO

30

cm

Days From Entry Into Study

groups with regard to type of entry
criteria (fast or slow), cause of acute
lung disease, patient's sex or age
(Extensive statistical analysis of
these and other variables is available
for study in the Final Report of the
Collaborative ECMO Study, Statisti¬
cal Section, available through the
Division of Lung Diseases, National
Heart, Lung and Blood Institute,
Bethesda, Md.) There was no differ¬
ence in the frequency of survival
between the ECMO and control
groups after subdivision by those
factors.
Trachéal intubation and mechani¬

cal ventilation occurred an average of
7.0 days before entry into the study
for control group patients and 9.6
days for patients entering the ECMO
group (P<.05). Survival was more
common in patients with a shorter
duration of mechanical ventilation
before entering the study. Seven of
eight surviving patients underwent
mechanical ventilation for seven days
or less before entering the study. For
patients with more than one week of
severe ARF, survival in either thera¬
py group was less than 4%.
The types of acute lung disease

treated in the study are shown in Fig
1. A majority (57%) of patients in
both groups had acute bacterial and
viral pneumonia. Six posttraumatic
ARF patients and seven patients with
pulmonary embolism were treated;
none survived. The final status of all
patients is summarized in the Table.
It can be seen that although 15
patients satisfied respiratory im¬
provement criteria, only eight sur¬
vived. Eight ECMO patients and
seven control patients improved;
there was no statistically significant
difference between these groups.
Several patients in both groups

died within a few hours after entering
the study. If we omit from analysis
patients who died within 12 hours of
entry, because information often was

incomplete or death occurred before
bypass was instituted, then once

again there is no statistically signifi¬
cant difference in survival between
control and bypass therapy. Patients
who did not satisfy improvement
criteria with either therapy lived an

average of ten days after entering the
study.
Percent survival for the entire

ECMO and control groups is plotted
against days in the study in Fig 2.
From day 2 to day 11, more bypass
patients survived. After day 11, both
therapies show similar survival
curves. Of the eight patients who
survived, seven had serial pulmonary
function studies. All seven were

approaching normal pulmonary func¬
tion without limitation of their activi¬
ties by six months after hospital
discharge.

COMMENT
This study shows that patients with

severe ARF treated with bypass on a
membrane oxygenator experienced
neither a significantly increased res¬

piratory recovery nor a greater long-
term survival than those treated with
the standard therapy for severe ARF.
Patients treated with bypass plus
mechanical ventilation as well as
those treated by mechanical ventila¬
tion alone had a high (90% to 92%)
death rate. The death rate we
obtained for bypass-treated ARF pa¬
tients compares closely with the 85%
reported in 215 ARF patients sup¬
ported with bypass, but without stan¬
dardized perfusion criteria.12
Others have adopted different

physiologic and etiologic criteria for

selecting severe ARF patients for
conventional therapeutic study. Mor¬
talities of 49%, 46%, and 39% respec¬
tively, were reported by Petty and
Newman,13 Nicotra et al,14 and Kirby
et al15 for ARF patients so treated.
The randomly chosen group of severe
ARF patients who were treated with
mechanical ventilation in our study
had higher death rates, probably
reflecting a more seriously ill popula¬
tion of patients.
There was no significant increase

of mortality in patients supported
with bypass over those given stan¬
dard therapy. Vascular surgery, can-
nulation, blood pumping, and oxygén¬
ation seem to have balanced the
advantages of preventing hypoxia and
hypercapnia. Bypass did not increase
the risk of septicemia (approximately
20% in both groups) or decrease the
incidence of pneumothorax (about
45%). Bypass was associated with
decreased blood platelet and WBC
concentrations, and increased mean
daily blood and plasma infusion rates
from approximately 1,000 to 2,500 mL.
Bypass did prolong life for a short
period. The number of bypass pa¬
tients surviving the first 11 days of
study was greater than the number
lasting that long while receiving
conventional therapy (Fig 2). Bypass
stabilized these critically ill patients,
providing a significantly (P<.01)
higher Pao2 and lower Paco2. The FI02
was lowered from 0.74 (control) to
0.48 during bypass, possibly reducing
the toxic effects of breathing high
oxygen concentrations.
In both groups, progressive pulmo¬

nary failure led to death. The com¬
mon pattern showed loss of pulmo¬
nary gas exchange with increased right
to left shunt, reduced compliance,
opacification of the chest x-ray film,

 at Drexel University - Hahnemann Library on April 8, 2011jama.ama-assn.orgDownloaded from 

Extracorporeal Membrane Oxygenation
in Severe Acute Respiratory Failure

A Randomized Prospective Study
Warren M. Zapol, MD; Michael T. Snider, MD, PhD; J. Donald Hill, MD;

Robert J. Fallat, MD; Robert H. Bartlett, MD; L. Henry Edmunds, MD; Alan H. Morris, MD;
E. Converse Peirce II, MD; Arthur N. Thomas, MD; Herbert J. Proctor, MD; Philip A. Drinker, PhD;

Philip C. Pratt, MD; Anna Bagniewski, MA; Rupert G. Miller, Jr, PhD

Nine medical centers collaborated in a prospective randomized study to
evaluate prolonged extracorporeal membrane oxygenation (ECMO) as a
therapy for severe acute respiratory failure (ARF). Ninety adult patients were
selected by common criteria of arterial hypoxemia and treated with either
conventional mechanical ventilation (48 patients) or mechanical ventilation
supplemented with partial venoarterial bypass (42 patients). Four patients in
each group survived. The majority of patients suffered acute bacterial or viral
pneumonia (57%). All nine patients with pulmonary embolism and six patients
with posttraumatic acute respiratory failure died. The majority of patients
died of progressive reduction of transpulmonary gas exchange and
decreased compliance due to diffuse pulmonary inflammation, necrosis, and
fibrosis. We conclude that ECMO can support respiratory gas exchange but
did not increase the probability of long-term survival in patients with severe
ARF.
(JAMA 242:2193-2196, 1979)

PARTIAL venoarterial bypass can

temporarily correct hypoxia and hy-
percapnia, from which patients suf¬
fering severe acute respiratory fail¬
ure (ÀRF) often die.14 Bypass also can
reduce pulmonary blood flow and
right to left shunt, allowing lower
ventilatory pressures and inspired
oxygen concentrations. This may pro¬
vide favorable conditions for enabling

the lung to heal while other organs
and tissues are optimally perfused.5
However, bypass is complex and more
difficult to perform than simple
mechanical ventilation. Competent
bypass therapy depends on manpower
skilled in perfusion; it also requires a

large amount of blood for transfu¬
sion.6 Before application of this novel
therapy became widespread, a study

was launched to determine how useful
it was. We describe a randomized,
prospective, and collaborative study
of the effect of several days of bypass
with a membrane artificial lung on
the chances that adults will survive
severe ARF.
When this study was conceived,

membrane oxygenators had been used
for long-term bypass of normal ani¬
mals'; the results were promising. By
1974, 150 patients suffering from
ARF of varying causes and severity
had undergone bypass; approximately
10% to 15% had survived.7 For some,
the incidence of survival was even
higher with certain types of acute
lung injury.34
This randomized study sought to

define which, if any, types of patients
with acute lung injury might experi¬
ence increased survival rates when
extracorporeal membrane oxygén¬
ation (ECMO) therapy supplements
mechanical ventilation. All of the
investigators adopted uniform physi¬
ologic criteria, standardizing the se¬
verity of hypoxia required for entry
into the study. With the exception of
patients suffering chronic and irre¬
versible diseases, adult patients with
ARF of all causes were treated.

PATIENTS AND METHODS
A common clinical protocol was pro¬

posed and adopted by the nine collabora-

From the Department of Anesthesia, Massa-
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Snider); Departments of Surgery (Dr Hill) and
Medicine (Dr Fallat), Pacific Medical Center, San
Francisco; Department of Surgery, Orange County
Medical Center, Orange, Calif (Dr Bartlett);
Department of Surgery, University of Pennsylva-
nia, Philadelphia (Dr Edmunds); Department of
Pulmonary Medicine, LDS Hospital, Salt Lake City
(Dr Morris); Department of Surgery, Mount Sinai
Hospital, New York (Dr Peirce); Department of
Surgery, San Francisco General Hospital (Dr

Thomas); Department of Surgery, University of
North Carolina, Chapel Hill (Dr Proctor); Division of
Bioengineering, Peter Bent Brigham Hospital,
Boston (Dr Drinker); Department of Pathology,
Duke University Medical Center, Durham, NC (Dr
Pratt); ECMO Data Center, Institutes of Medical
Sciences, San Francisco (Ms Bagniewski); and
Department of Statistics, Stanford (Calif) Universi-
ty (Dr Miller).
Reprint requests to Department of Anesthesia,

Massachusetts General Hospital, Fruit Street,
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9 centers, PF <50 on PEEP>5.
92% death in conv MV, 86% in ECMO
All Fem VA,No true lung rest settings. 
Average bleeding day1 3.8 litres/day ! 
High ACT targets
6 of 9 ctr no ECMO experience
Mean LOMV pre-random: 9.6 d

JAMA 1979, 242: 2193-96
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Am. J. Respir. Crit. Care Med., Vol 149, No. 2, Feb 1994, 295-305.

Randomized clinical trial of pressure-controlled inverse
ratio ventilation and extracorporeal CO2 removal for
adult respiratory distress syndrome [published
erratum appears in Am J Respir Crit Care Med 1994
Mar;149(3 Pt 1):838]
AH Morris, CJ Wallace, RL Menlove, TP Clemmer, JF Orme Jr, LK Weaver, NC
Dean, F Thomas, TD East and NL Pace 
Department of Medicine, LDS Hospital, Salt Lake City, Utah 84143.

The impact of a new therapy that includes pressure-controlled inverse ratio ventilation
followed by extracorporeal CO2 removal on the survival of patients with severe ARDS
was evaluated in a randomized controlled clinical trial. Computerized protocols generated
around-the- clock instructions for management of arterial oxygenation to assure equivalent
intensity of care for patients randomized to the new therapy limb and those randomized to
the control, mechanical ventilation limb. We randomized 40 patients with severe ARDS
who met the ECMO entry criteria. The main outcome measure was survival at 30 days
after randomization. Survival was not significantly different in the 19 mechanical
ventilation (42%) and 21 new therapy (extracorporeal) (33%) patients (p = 0.8). All deaths
occurred within 30 days of randomization. Overall patient survival was 38% (15 of 40) and
was about four times that expected from historical data (p = 0.0002). Extracorporeal
treatment group survival was not significantly different from other published survival rates after extracorporeal CO2 removal. Mechanical
ventilation patient group survival was significantly higher than the 12% derived from published data (p = 0.0001). Protocols controlled
care 86% of the time. Average PaO2 was 59 mm Hg in both treatment groups. Intensity of care required to maintain arterial oxygenation
was similar in both groups (2.6 and 2.6 PEEP changes/day; 4.3 and 5.0 FIO2 changes/day). We conclude that there was no significant
difference in survival between the mechanical ventilation and the extracorporeal CO2 removal groups. We do not recommend
extracorporeal support as a therapy for ARDS. Extracorporeal support for ARDS should be restricted to controlled clinical trials. 

This article has been cited by other articles:

A. Wright, D. F. Sittig, J. S. Ash, J. Feblowitz, S. Meltzer, C. McMullen, K.
Guappone, J. Carpenter, J. Richardson, L. Simonaitis, et al.
Development and evaluation of a comprehensive clinical decision
support taxonomy: comparison of front-end tools in commercial
and internally developed electronic health record systems
JAMIA, March 17, 2011; (2011) amiajnl-2011-000113v1. 
[Abstract] 

I. Wong and A. Vuylsteke
Use of extracorporeal life support to support patients with acute
respiratory distress syndrome due to H1N1/2009 influenza and
other respiratory infections
Perfusion, January 1, 2011; 26(1): 7 - 20. 

 

Single center, 40 patients meeting 
ECMO criteria- PCIRV vs ECCO2R
Survival @ D30 was 42%MV vs 33% 
ECCO2R
Overall survival 4 times greater
However, Needed higher PIP in 
ECCO2R to maintain adequate 
oxygenation
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Effi  cacy and economic assessment of conventional 
ventilatory support versus extracorporeal membrane 
oxygenation for severe adult respiratory failure (CESAR): 
a multicentre randomised controlled trial
Giles J Peek, Miranda Mugford, Ravindranath Tiruvoipati, Andrew Wilson, Elizabeth Allen, Mariamma M Thalanany, Clare L Hibbert, 
Ann Truesdale, Felicity Clemens, Nicola Cooper, Richard K Firmin, Diana Elbourne, for the CESAR trial collaboration

Summary
Background Severe acute respiratory failure in adults causes high mortality despite improvements in ventilation 
techniques and other treatments (eg, steroids, prone positioning, bronchoscopy, and inhaled nitric oxide). We aimed 
to delineate the safety, clinical effi  cacy, and cost-eff ectiveness of extracorporeal membrane oxygenation (ECMO) 
compared with conventional ventilation support. 

Methods In this UK-based multicentre trial, we used an independent central randomisation service to randomly 
assign 180 adults in a 1:1 ratio to receive continued conventional management or referral to consideration for treatment 
by ECMO. Eligible patients were aged 18–65 years and had severe (Murray score >3·0 or pH <7·20) but potentially 
reversible respiratory failure. Exclusion criteria were: high pressure (>30 cm H₂O of peak inspiratory pressure) or 
high FiO₂ (>0·8) ventilation for more than 7 days; intracranial bleeding; any other contraindication to limited 
heparinisation; or any contraindication to continuation of active treatment. The primary outcome was death or severe 
disability at 6 months after randomisation or before discharge from hospital. Primary analysis was by intention to 
treat. Only researchers who did the 6-month follow-up were masked to treatment assignment. Data about resource 
use and economic outcomes (quality-adjusted life-years) were collected. Studies of the key cost generating events 
were undertaken, and we did analyses of cost-utility at 6 months after randomisation and modelled lifetime cost-
utility. This study is registered, number ISRCTN47279827.

Findings 766 patients were screened; 180 were enrolled and randomly allocated to consideration for treatment by 
ECMO (n=90 patients) or to receive conventional management (n=90). 68 (75%) patients actually received ECMO; 
63% (57/90) of patients allocated to consideration for treatment by ECMO survived to 6 months without disability 
compared with 47% (41/87) of those allocated to conventional management (relative risk 0·69; 95% CI 0·05–0·97, 
p=0·03). Referral to consideration for treatment by ECMO treatment led to a gain of 0·03 quality-adjusted life-years 
(QALYs) at 6-month follow-up. A lifetime model predicted the cost per QALY of ECMO to be £19 252 (95% CI 
7622–59 200) at a discount rate of 3·5%.

Interpretation We recommend transferring of adult patients with severe but potentially reversible respiratory failure, 
whose Murray score exceeds 3·0 or who have a pH of less than 7·20 on optimum conventional management, to a 
centre with an ECMO-based management protocol to signifi cantly improve survival without severe disability. This 
strategy is also likely to be cost eff ective in settings with similar services to those in the UK.

Funding UK NHS Health Technology Assessment, English National Specialist Commissioning Advisory Group, 
Scottish Department of Health, and Welsh Department of Health.

Introduction
Despite advances in intensive care during the past 
20 years, mortality and morbidity of patients with acute 
respiratory distress syndrome remains high; mortality 
for such patients is 34–58%.1–6 Surviving patients could 
have clinically signifi cant physical (respiratory and 
musculoskeletal) and neuropsychological (emotional and 
cognitive) disabilities.3 Such patients need inpatient 
rehabilitation and hospital readmissions, leading to high 
fi nancial burden on carers and health-care systems.3

Conventional management is by intermittent positive-
pressure ventilation, which can cause very high airway 

pressures and oxygen concentrations. The combination 
of barotrauma, volutrauma, biotrauma, and toxic eff ects 
of oxygen exacerbates lung injury from the primary 
illness. An alternative treatment, extracorporeal 
membrane oxygenation (ECMO), uses cardiopulmonary 
bypass technology to provide gas exchange so that 
ventilator settings can be reduced, which provides time 
for treatment and recovery.

Two previous randomised controlled trials have 
assessed adult extracorporeal life support.7,8 Neither of 
these studies has relevance to modern ECMO because 
the case selection, ventilation strategies, extracorporeal 
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circuit design, and disease management were completely 
diff erent from modern protocols. Therefore observational 
studies provide the only relevant evidence. Case series of 
patients with severe respiratory failure report survival 
rates without ECMO of 18–44%6,9 compared with up to 
66% with ECMO (including full support of oxygenation 
and lung rest).10–12 To further defi ne the safety, clinical 
effi  cacy, and cost-eff ectiveness of ECMO, we did the 
rigorous randomised controlled trial CESAR (Con ven-
tional ventilation or ECMO for Severe Adult Respiratory 
failure) in combination with an economic evaluation 
from the perspective of the health-care provider, the UK 
National Health Service (NHS).

Methods
Participants
Patients were enrolled from three types of centre: the 
ECMO centre at Glenfi eld Hospital, Leicester, which 
treated all patients who were randomly allocated for con-
sideration to receive ECMO; tertiary intensive care units 
(conventional treatment centres); and referral hospitals, 
which sent patients to the conventional treat ment 
centres if they were randomly allocated to receive 

continued conventional management.13 103 hospitals 
obtained ethics committee approval to collaborate in the 
study of which 92 were conventional treatment centres 
and 11 were referral hospitals.

Patients were unconscious, intubated, and ventilated, 
and therefore were not able to give consent for inclusion 
in the study at randomisation. Relatives gave assent on 
every patient’s behalf, and patients were later given the 
opportunity to withdraw from the study. The trial was 
approved by the Trent Multicentre Research Ethics 
Committee and relevant local research ethics committees 
for every paricipating centre. 

Eligible patients were aged 18–65 years with severe but 
potentially reversible respiratory failure, and a Murray 
score14 (from all four variables—PaO2/FiO2 ratio, positive 
end-expiratory pressure, lung compliance, and chest 
radiograph appearance—and FiO2=1) of 3·0 or higher, or 
uncompensated hypercapnoea with a pH  of less than 
7·20 despite optimum conventional treatment. Rever-
sibility was based on the clinical opinion of one of three 
duty ECMO consultants. The criteria for case selection 
have been previously discussed.15 Patients were also 
considered for inclusion if the Murray score was 2·5 or 

586 excluded
        103 bed unavailable for ECMO
          99 had Murray score <3·0 or pH >7·20
          86 had high-pressure ventilation for >7 days
        298 other*

766 patients screened for eligibility

180 enrolled and randomly
allocated to treatment

  5 had restricted information about 
 status at 6 months from GP or
 hospital data 

22 did not receive ECMO
      16 improved with conventional 
            management
        3 died within 48 h before transfer
        2 died during transfer
        1 had contraindication to heparin† 

33 died before 6 months
44 died before 6 months

   3 withdrew from the study and
       had no information about
       severe disability at 6 months 

11 had restricted information about 
      status at 6 months from GP 
      or hospital data

90 assigned to receive 

   3 withdrew from the study before
      6-month follow-up

      conventional management

46 eligible for 6-month follow-up‡

32 assessed at 6 months

87 reached primary outcome; 
90 continued to be assessed 
       for 6-month follow-up

90 assigned for consideration
        to receive ECMO

68 received ECMO support

90 reached primary outcome

57 eligible for 6-month follow-up

52 assessed at 6 months

90 received conventional 
      management

Figure 1: Trial profi le
ECMO=extracorporeal membrane oxygenation. *81 were contraindicated to continue with treatment, 35 were only enquiries, 35 received advice on optimum 
conventional management, 33 refused assent, 31 had contraindications to limited heparinisation, 30 were younger than 18 years or older than 65 years, 28 had the 
treating clinician refuse enrolment, eight had an improving condition, seven had no relatives available to provide assent, four died before randomisation, three had 
intracranial bleeding, two were given advice on ECMO treatment, and one had had previous surgical treatment. †Patient needed amputation and therefore could not 
be heparinised. ‡Includes one patient with follow-up assessment at 6 months in hospital and who died after 6 months without leaving hospital.
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steroids), primary and secondary out comes, and 
compliance with the low-volume low-pressure venti-
lation strategy (pressure plateau or positive inspiratory 
pressure less than 30 cm H2O). We collected these data 
for patients on ECMO, in addition to ECMO manage-
ment information (cannulation, fl ow, pressure, device, 
and complications).

The primary outcome measure was death or severe 
dis ability at 6 months after randomisation (defi ned as 
death by 6 months or before discharge from hospital at 
any time to the end of data collection). Severe disability 
was defi ned as confi nement to bed and inability to wash 
or dress alone; according to this defi nition, all patients 
were severely disabled at randomisation, but no patients  
were disabled before they became ill and entered the 
study. Secondary outcomes were duration of ventilation; 
use of high-frequency oscillation, or jet ventilation; use 
of nitric oxide; prone positioning; use of steroids; 
duration of stay in intensive care; and duration of 
hospital stay. For patients receiving ECMO only, 
secondary outcomes also included method of ECMO 
(venovenous or venoarterial), duration of ECMO, blood 
fl ow, and sweep fl ow. Health status at 6 months after 
randomisation was assessed from activities of daily 
living, quality of life, respiratory symptoms, cognitive 
psychological state, and lung function. 

At the 6-month follow-up, testing was done in the 
patients’ homes by trained researchers who were masked 
to treatment allocation. Patients and their relatives were 
instructed not to reveal which treatment had been used. 
A scarf was used to cover the neck, thereby masking 
cannulation status. Assessment was done by SF-36,21 
EuroQol-5 dimensions (EQ-5D),22 St George’s hospital 
respiratory questionnaire,23 hospital anxiety and 
depression scale,24 and mini-mental state examination,25 
and specifi c questions were asked about sleep from the 
functional limitation profi le.26 If applicable, we measured 
eff ects on the carer using the carer strain index.27 Lung 
function was assessed by spirometry. Upper arm 
movements were assessed because restriction had been 
noted after ECMO previously.13 A modifi ed assessment 
was done in hospital for patients who had not been 
discharged. If a home visit was unacceptable, patients 
were off ered a telephone interview or postal 
questionnaire. For those refusing this option, permission 
was requested for information to be sought from their 
general practitioner.

Economic evaluation
We designed the study to allow for analysis of both cost-
eff ectiveness and cost-utility from the perspectives of the 
publicly funded health and social-care sector, and from 
patients and their families or carers. Methods for the 
economic study have been extensively described 
previously.18 Data about patients’ transport and days in 
hospital at diff erent levels of care were gathered as events 
occurred during the trial. Data about patients’ use of 

health-care resources after discharge from hospital were 
gathered with a questionnaire designed for self-
completion during a 6-month follow-up visit. 

The costs of care received in critical care units, including 
the ECMO centre, were taken from a large, multicentre 
study of critical care unit expenditure and case-mix done 
concurrently with the CESAR trial in England, Scotland, 
and Northern Ireland.28 On the basis of this work and 
previous statistical analyses of the costs of critical care 
patients,29 case-mix-adjusted average costs per day within 
the critical care unit were weighted according to the 
number of organ systems that were being supported on 
that day; the number of organ systems being supported 
were recorded routinely during the trial. The average daily 
costs of participating critical care units (including the 
ECMO centre) were estimated with standard defi nitions 
according to critical care national cost block methodology 
with further allowance for capital equipment.30,31,32 Hospital 
overheads such as heating, lighting, and management 
costs were not included. Costs of the remaining time 
spent in hospital were estimated from previously 
published daily rates;33,34 unit costs of care after discharge 
were based on the same sources.
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Figure 2: Kaplan-Meier survival estimates
ECMO=extracorporeal membrane oxygenation. *Patients were randomly allocated to consideration for treatment 
by ECMO, but did not necessarily receive this treatment.

ECMO group 
(n=90)*

Conventional  management 
group (n=90)

All patients

Critical care (days) 24·0 (13·0–40·5)† 13·0 (11·0–16·0)

Hospital (days) 35·0 (15·6–74·0) 17·0 (4·8–45·3)

Patients who died‡

Critical care (days) 11·0 (2·0–28·0)† 5·0 (2·0–13·5)

Hospital (days) 15·0 (3·0–40·5) 5·0 (2·0–13·5)

Data are median (IQR). ECMO=extracorporeal membrane oxygenation. *Patients 
were randomly allocated to consideration for treatment by ECMO, but did not 
necessarily receive this treatment. †Excludes one patient whose notes are still 
with the coroner. ‡Data for 33 patients receiving extracorporeal membrane 
oxygenation, and 45 patients receiving conventional management.

Table 4: Length of stay
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Effi  cacy and economic assessment of conventional 
ventilatory support versus extracorporeal membrane 
oxygenation for severe adult respiratory failure (CESAR): 
a multicentre randomised controlled trial
Giles J Peek, Miranda Mugford, Ravindranath Tiruvoipati, Andrew Wilson, Elizabeth Allen, Mariamma M Thalanany, Clare L Hibbert, 
Ann Truesdale, Felicity Clemens, Nicola Cooper, Richard K Firmin, Diana Elbourne, for the CESAR trial collaboration

Summary
Background Severe acute respiratory failure in adults causes high mortality despite improvements in ventilation 
techniques and other treatments (eg, steroids, prone positioning, bronchoscopy, and inhaled nitric oxide). We aimed 
to delineate the safety, clinical effi  cacy, and cost-eff ectiveness of extracorporeal membrane oxygenation (ECMO) 
compared with conventional ventilation support. 

Methods In this UK-based multicentre trial, we used an independent central randomisation service to randomly 
assign 180 adults in a 1:1 ratio to receive continued conventional management or referral to consideration for treatment 
by ECMO. Eligible patients were aged 18–65 years and had severe (Murray score >3·0 or pH <7·20) but potentially 
reversible respiratory failure. Exclusion criteria were: high pressure (>30 cm H₂O of peak inspiratory pressure) or 
high FiO₂ (>0·8) ventilation for more than 7 days; intracranial bleeding; any other contraindication to limited 
heparinisation; or any contraindication to continuation of active treatment. The primary outcome was death or severe 
disability at 6 months after randomisation or before discharge from hospital. Primary analysis was by intention to 
treat. Only researchers who did the 6-month follow-up were masked to treatment assignment. Data about resource 
use and economic outcomes (quality-adjusted life-years) were collected. Studies of the key cost generating events 
were undertaken, and we did analyses of cost-utility at 6 months after randomisation and modelled lifetime cost-
utility. This study is registered, number ISRCTN47279827.

Findings 766 patients were screened; 180 were enrolled and randomly allocated to consideration for treatment by 
ECMO (n=90 patients) or to receive conventional management (n=90). 68 (75%) patients actually received ECMO; 
63% (57/90) of patients allocated to consideration for treatment by ECMO survived to 6 months without disability 
compared with 47% (41/87) of those allocated to conventional management (relative risk 0·69; 95% CI 0·05–0·97, 
p=0·03). Referral to consideration for treatment by ECMO treatment led to a gain of 0·03 quality-adjusted life-years 
(QALYs) at 6-month follow-up. A lifetime model predicted the cost per QALY of ECMO to be £19 252 (95% CI 
7622–59 200) at a discount rate of 3·5%.

Interpretation We recommend transferring of adult patients with severe but potentially reversible respiratory failure, 
whose Murray score exceeds 3·0 or who have a pH of less than 7·20 on optimum conventional management, to a 
centre with an ECMO-based management protocol to signifi cantly improve survival without severe disability. This 
strategy is also likely to be cost eff ective in settings with similar services to those in the UK.

Funding UK NHS Health Technology Assessment, English National Specialist Commissioning Advisory Group, 
Scottish Department of Health, and Welsh Department of Health.

Introduction
Despite advances in intensive care during the past 
20 years, mortality and morbidity of patients with acute 
respiratory distress syndrome remains high; mortality 
for such patients is 34–58%.1–6 Surviving patients could 
have clinically signifi cant physical (respiratory and 
musculoskeletal) and neuropsychological (emotional and 
cognitive) disabilities.3 Such patients need inpatient 
rehabilitation and hospital readmissions, leading to high 
fi nancial burden on carers and health-care systems.3

Conventional management is by intermittent positive-
pressure ventilation, which can cause very high airway 

pressures and oxygen concentrations. The combination 
of barotrauma, volutrauma, biotrauma, and toxic eff ects 
of oxygen exacerbates lung injury from the primary 
illness. An alternative treatment, extracorporeal 
membrane oxygenation (ECMO), uses cardiopulmonary 
bypass technology to provide gas exchange so that 
ventilator settings can be reduced, which provides time 
for treatment and recovery.

Two previous randomised controlled trials have 
assessed adult extracorporeal life support.7,8 Neither of 
these studies has relevance to modern ECMO because 
the case selection, ventilation strategies, extracorporeal 
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JAMA-EXPRESSCARING FOR THE
CRITICALLY ILL PATIENT

Extracorporeal Membrane Oxygenation
for 2009 Influenza A(H1N1)
Acute Respiratory Distress Syndrome
The Australia and New Zealand
Extracorporeal Membrane
Oxygenation (ANZ ECMO) Influenza
Investigators*

IN APRIL 2009, THE MEXICAN MIN-
istry of Health reported an in-
crease in severe pneumonia cases
in young adults.1 The 2009 novel

swine-origin influenza A(H1N1) vi-
rus was identified as its cause and rap-
idly led to a worldwide pandemic.2 This
pandemic began in the northern hemi-
sphere during late spring and early sum-
mer and appeared to decrease in inten-
sity within a few weeks.3 Shortly after,
at the start of the southern hemi-
sphere winter, it spread to Australia and
New Zealand causing an approxi-
mately 8-fold greater number of con-
firmed cases per head of population
than in the United States.4,5

The spread of the virus to Australia
and New Zealand was also associated
with a large number of patients admit-
ted to intensive care units (ICUs) across
both countries.6 A proportion of these
patients presented with, or developed,
severe acute respiratory distress syn-
drome (ARDS). In some severe cases,
extracorporeal membrane oxygen-
ation (ECMO) was commenced for the
treatment of refractory hypoxemia, hy-
percapnia, or both, which occurred de-
spite mechanical ventilation and res-
cue ARDS therapies.

We report herein on the incidence,
clinical features, severity of respira-

tory failure, technical characteristics,
duration of extracorporeal support,
complications, and survival in pa-
tients with severe influenza-related
ARDS who were treated with ECMO.
In addition, we discuss the relevance of
our findings to the potential ECMO caseFor editorial comment see p 1905.

*Authors/Management and Writing Committee and
Investigators of the ANZ ECMO Influenza Investiga-
tors are listed at the end of this article.
Corresponding Author: Andrew R. Davies, MBBS,
FRACP, FJFICM, Intensive Care Unit, Alfred Hospi-
tal, Commercial Road, Melbourne, Victoria 3004, Aus-
tralia (a.davies@alfred.org.au).
Caring for the Critically Ill Patient Section Editor: Derek
C. Angus, MD, MPH, Contributing Editor, JAMA
(angusdc@upmc.edu).

Context The novel influenza A(H1N1) pandemic affected Australia and New Zea-
land during the 2009 southern hemisphere winter. It caused an epidemic of critical
illness and some patients developed severe acute respiratory distress syndrome (ARDS)
and were treated with extracorporeal membrane oxygenation (ECMO).

Objectives To describe the characteristics of all patients with 2009 influenza A(H1N1)–
associated ARDS treated with ECMO and to report incidence, resource utilization, and
patient outcomes.

Design, Setting, and Patients An observational study of all patients (n=68) with
2009 influenza A(H1N1)–associated ARDS treated with ECMO in 15 intensive care
units (ICUs) in Australia and New Zealand between June 1 and August 31, 2009.

Main Outcome Measures Incidence, clinical features, degree of pulmonary dys-
function, technical characteristics, duration of ECMO, complications, and survival.

Results Sixty-eight patients with severe influenza-associated ARDS were treated with
ECMO, of whom 61 had either confirmed 2009 influenza A(H1N1) (n=53) or influ-
enza A not subtyped (n=8), representing an incidence rate of 2.6 ECMO cases per
million population. An additional 133 patients with influenza A received mechanical
ventilation but no ECMO in the same ICUs. The 68 patients who received ECMO had
a median (interquartile range [IQR]) age of 34.4 (26.6-43.1) years and 34 patients
(50%) were men. Before ECMO, patients had severe respiratory failure despite ad-
vanced mechanical ventilatory support with a median (IQR) PaO2/fraction of inspired
oxygen (FIO2) ratio of 56 (48-63), positive end-expiratory pressure of 18 (15-20) cm
H2O, and an acute lung injury score of 3.8 (3.5-4.0). The median (IQR) duration of
ECMO support was 10 (7-15) days. At the time of reporting, 48 of the 68 patients
(71%; 95% confidence interval [CI], 60%-82%) had survived to ICU discharge, of
whom 32 had survived to hospital discharge and 16 remained as hospital inpatients.
Fourteen patients (21%; 95% CI, 11%-30%) had died and 6 remained in the ICU, 2
of whom were still receiving ECMO.

Conclusions During June to August 2009 in Australia and New Zealand, the ICUs
at regional referral centers provided mechanical ventilation for many patients with 2009
influenza A(H1N1)–associated respiratory failure, one-third of whom received ECMO.
These ECMO-treated patients were often young adults with severe hypoxemia and
had a 21% mortality rate at the end of the study period.
JAMA. 2009;302(17):1888-1895 www.jama.com
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Extracorporeal Membrane Oxygenation
Consider extracorporeal CPR for in-hospital cardiac arrest refractory to 
initial resuscitation attempts if the condition leading to cardiac arrest is 
reversible or amenable to heart transplantation, if excellent conventional 
CPR has been performed after no more than several minutes of no-flow 
cardiac arrest (arrest time without CPR), and if the institution is able to 
rapidly perform extracorporeal membrane oxygenation(Class IIb; LOE 
561,62). 

Long-term survival is possible even after 50 minutes of CPR in selected 
patients.61,62
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Outcomes of ECPR
• Multiple case reports & series showing 10-39% survival after ECPR

• No prospective data, case series biased by a large number  of  children with 
congenital heart disease.

• Length of  conventional CPR prior to ECMO doesn’t consistently correlate 
with outcomes. 

• Large series ( 80 children from Toronto, 66 from CHOP) in recent years 
( median duration of CPR 46 min Toronto, 50 min (5-105min) CHOP)                   
(J Thorac Cardiovasc Surg 2007;134:952-9  and Pediatric Critical Care Med 2004:440) 

• ELSO database  695 cases, 38% survival to discharge  (Circulation. 2007;116:1693-1700)
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Cardiopulmonary resuscitation with assisted extracorporeal 
life-support versus conventional cardiopulmonary 
resuscitation in adults with in-hospital cardiac arrest: 
an observational study and propensity analysis
Yih-Sharng Chen*, Jou-Wei Lin*, Hsi-Yu Yu, Wen-Je Ko, Jih-Shuin Jerng, Wei-Tien Chang, Wen-Jone Chen, Shu-Chien Huang, Nai-Hsin Chi, 
Chih-Hsien Wang, Li-Chin Chen, Pi-Ru Tsai, Sheoi-Shen Wang, Juey-Jen Hwang, Fang-Yue Lin

Summary
Background Extracorporeal life-support as an adjunct to cardiac resuscitation has shown encouraging outcomes in 
patients with cardiac arrest. However, there is little evidence about the benefi t of the procedure compared with 
conventional cardiopulmonary resuscitation (CPR), especially when continued for more than 10 min. We aimed to 
assess whether extracorporeal CPR was better than conventional CPR for patients with in-hospital cardiac arrest of 
cardiac origin. 

Methods We did a 3-year prospective observational study on the use of extracorporeal life-support for patients aged 
18–75 years with witnessed in-hospital cardiac arrest of cardiac origin undergoing CPR of more than 10 min compared 
with patients receiving conventional CPR. A matching process based on propensity-score was done to equalise 
potential prognostic factors in both groups, and to formulate a balanced 1:1 matched cohort study. The primary 
endpoint was survival to hospital discharge, and analysis was by intention to treat. This study is registered with 
ClinicalTrials.gov, number NCT00173615.

Findings Of the 975 patients with in-hospital cardiac arrest events who underwent CPR for longer than 10 min, 
113 were enrolled in the conventional CPR group and 59 were enrolled in the extracorporeal CPR group. Unmatched 
patients who underwent extracorporeal CPR had a higher survival rate to discharge (log-rank p<0·0001) and a better 
1-year survival than those who received conventional CPR (log rank p=0·007). Between the propensity-score matched 
groups, there was still a signifi cant diff erence in survival to discharge (hazard ratio [HR] 0·51, 95% CI 0·35–0·74, 
p<0·0001), 30-day survival (HR 0·47, 95% CI 0·28–0·77, p=0·003), and 1-year survival (HR 0·53, 95% CI 0·33–0·83, 
p=0·006) favouring extracorporeal CPR over conventional CPR.

Interpretation Extracorporeal CPR had a short-term and long-term survival benefi t over conventional CPR in patients 
with in-hospital cardiac arrest of cardiac origin.

Funding National Science Council, Taiwan.

Introduction
Sudden cardiac arrest still has a low survival rate despite 
the introduction of cardiopulmonary resuscitation 
(CPR),1 and this rate has remained unchanged since 
1993.2,3 Investigations have also shown that survival rate 
declines rapidly when the duration of CPR exceeds 
10 min, and even more rapidly if it exceeds 30 min.3–5

Extracorporeal life-support as a device for cardiac 
resuscitation was proposed in the early 1960s.6 Advances in 
technology have allowed such treatment to be deployed 
rapidly, and several descriptive series investigations have 
shown encouraging outcomes in patients with cardiac 
arrest.7–9 Despite promising results in paediatric patients,10–12 
no comparative data have been assessed in adult groups 
undergoing CPR assisted with extracorporeal life-support.

Since protracted conventional CPR has been associated 
with high immediate mortality,4,5 we did a prospective 
observational study, between 2004 and 2006, of adults 
with in-hospital cardiac arrest of cardiac origin who 

received CPR of more than 10 min. We also aimed to 
assess whether the survival benefi t of extracorporeal CPR 
over conventional CPR seen in previous studies7–9 might 
have been due to selection bias.

Methods
Setting
National Taiwan University Hospital, in Taipei, is an 
extracorporeal life-support referral centre.13–15 The CPR 
team consisted of a senior medical resident, several 
junior residents, a respiratory therapist, a head nurse, 
and several registered nurses from the intensive care 
unit. Each member of the CPR team is certifi ed for 
advanced cardiac life-support. According to American 
Heart Association guidelines,16 we established an 
internet-based Utstein style registry system to 
prospectively obtain all data for in-hospital cardiac arrest 
since 2003 (webpanel 1). A registered nurse was 
responsible for data collection. Each event was reviewed 

Lancet 2008; 372: 554–61 

Published Online
July 7, 2008

DOI:10.1016/S0140-
6736(08)60958-7

See Comment page 512

*These authors contributed 
equally

Department of Surgery 
(Y-S Chen MD, H-Y Yu MD, 

W-J Ko MD, S-C Huang MD, 
N-H Chi MD, C-H Wang MD, 

P-R Tsai RN, S-S Wang MD, 
F-Y Lin MD), Department of 

Medicine (J-S Jerng MD, 
W-J Chen MD, L-C Chen RN, 

J-J Hwang MD), and Department 
of Emergency (W-T Chang MD), 

National Taiwan University 
Hospital, Taipei, Taiwan; and 

Cardiovascular Center, National 
Taiwan University Hospital 

Yun-Lin Branch, Dou-Liou City, 
Yun-Lin, Taiwan (J-W Lin MD, 

J-J Hwang)

Correspondence to:
Fang-Yue Lin, Department of 

Surgery, National Taiwan 
University Hospital, Taipei 100, 

Taiwan
yschen1234@gmail.com

See Online for webpanel 1 

Friday, July 13, 12



Articles

560 www.thelancet.com   Vol 372   August 16, 2008

or next decision.13,15,22–25 The improving results in various 
applications have encouraged the use of extracorporeal 
life-support in cardiac arrested patients and off ered 
better neurological preservation.7,10,26,27 However, com-
parison with results derived from conventional CPR in 
diff erent institutions with heterogeneous causes might 
be of restricted applicability.

In our study, longer CPR duration was associated with 
poor prognosis. Compared with ventricular tachycardia 
or ventricular fi brillation as the initial rhythm, those 
who showed pulseless electrical activity or asystole had 
higher mortality. This fi nding suggests that the main 
factors associated with outcome are baseline condition, 
underlying cause, and the rapid response of the CPR 
team.28 The eff ect of extracorporeal life-support on 
improving survival of patients with in-hospital cardiac 
arrest of cardiac origin was still prominent after these 
clinical conditions were adjusted in the observational 
study (table 4) or matched by propensity analysis 
(fi gure 3). Extracorporeal CPR reduced mortality risk by 
up to 1 year using the highly technique-dependent 
invasive procedure. This resuscitative method is 
reasonable for patients suff ering from refractory cardiac 
arrest.

Could patients who showed signs of return of 
spontaneous circulation after relentless CPR further 
benefi t from extracorporeal life-support? In our study, 
the interaction eff ect between return of spontaneous 
beating in the extracorporeal group and return of 
spontaneous circulation in the conventional group on 
survival was not signifi cant. We tried to assemble another 
set of propensity-score matched subgroups between the 

extracorporeal CPR responders and conventional CPR 
responders, but the preliminary result did not show a 
survival diff erence. Since only a small proportion of the 
original registry was included in the subgroup analysis, 
further examination into the most suitable application of 
extracorporeal life-support in patients with return of 
spontaneous circulation after conventional CPR is 
warranted.

The quality of CPR might not have been well controlled 
between the two groups.29,30 Although the propensity-score 
approach could reduce selection bias and confounding 
factors inherent in the observational study, a key 
limitation is that bias could remain if there are 
unmeasured or unknown confounders that are not 
incorporated into the propensity score.

The diff erence in subsequent interventions in the con-
ventional and extracorporeal groups could be attributed 
to some extent to observer bias (which might have 
occurred even in a randomised study if it is not blinded). 
We tried to reduce observer bias by locating (or relocating) 
the patients in both groups to the intensive care unit. A 
subsequent decision was made according to their clinical 
condition, not simply to their life-support status. 
Conversely, fewer patients in the conventional CPR 
group could survive to defi nite therapy. The greater 
number of subsequent investigations in the 
extracorporeal CPR group was also attributed to the 
diff erential eff ect of intervention. In the propensity 
analysis, later per cutaneous coronary intervention was 
similar in the extracorporeal CPR-M group and 
conventional CPR-M group (table 5).

Previous studies have suggested that applying mild 
hypothermia (34°C) for 24 or 48 h in patients receiving 
extracorporeal life-support was both feasible and safe. 
Since our observational cohort was started in 2003, the 
institutional review board did not approve the use of 
hypothermia at its experimental stage. How ever, 
therapeutic hypothermia is currently recommended in 
cardiac arrest of cardiac origin. Further research should 
stress the additive or synergistic eff ect of hypo thermia 
in extracorporeal CPR for adult cardiac patients.

Extracorporeal CPR might be recommended for adult 
in-hospital cardiac arrest patients of cardiac origin who 
have undergone CPR for more than 10 min and could 
provide a short-term and long-term survival advantage.
Although the observed survival benefi t of extra corporeal 
CPR over conventional CPR is in part attributed to 
selection bias, the use of propensity analysis that 
equalised potential prognostic predictors has shown a 
benefi cial eff ect in short-term and long-term survival 
with extracorporeal life-support. There was no 
signifi cant diff erence in survival between return of 
spontaneous beating from extracorporeal CPR and 
return of spontaneous circulation from conventional 
CPR. Further studies will be needed to identify potential 
subgroups in in-hospital cardiac arrest patients who 
could benefi t from extracorporeal CPR.
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Figure 3: Kaplan-Meier plot of the survival curves in the extracorporeal CPR-M and conventional CPR-M 
groups for 1 year
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Background. Extracorporeal membrane oxygenation
(ECMO) to support cardiopulmonary resuscitation (CPR)
has been shown to improve survival in children and
adults. We describe outcomes after the use of ECMO to
support CPR (E-CPR) in adults using multiinstitutional
data from the Extracorporeal Life Support Organization
(ELSO) registry.

Methods. Patients greater than 18 years of age using
ECMO to support CPR (E-CPR) during 1992 to 2007 were
extracted from the ELSO registry and analyzed.

Results. Two hundred and ninety-seven (11% of 2,633
adult ECMO uses) reports of E-CPR use in 295 patients
were analyzed. Median age was 52 years (interquartile
range [IQR], 35, 64) and most patients had cardiac disease
(n ! 221; 75%). Survival to hospital discharge was 27%.
Brain death occurred in 61 (28%) of nonsurvivors. In a
multivariate logistic regression model, pre-ECMO factors
including a diagnosis of acute myocarditis (odds ratio

[OR]: 0.18; 95% confidence interval [CI]: 0.05 to 0.69)
compared with noncardiac diagnoses and use of percu-
taneous cannulation technique (OR: 0.42; 95% CI: 0.21 to
0.87) lowered odds of mortality, whereas a lower pre-
ECMO arterial blood partial pressure of oxygen (PaO2)
less than 70 mm Hg (OR: 2.7; 95% CI: 1.21 to 6.07)
compared with a PaO2 of 149 mm Hg or greater increased
odds of mortality. The need for renal replacement ther-
apy during ECMO increased odds of mortality (OR: 2.41;
95% CI: 1.34 to 4.34).

Conclusions. The use of E-CPR was associated with
survival in 27% of adults with cardiac arrest facing
imminent mortality. Further studies are warranted to
evaluate and better define patients who may benefit from
E-CPR.

(Ann Thorac Surg 2009;87:778–85)
© 2009 by The Society of Thoracic Surgeons

Extracorporeal membrane oxygenation (ECMO) to
provide cardiopulmonary support during in-

hospital cardiac arrest after conventional cardiopulmo-
nary resuscitation (CPR) has failed to establish an ade-
quate circulation has been shown to promote survival in
select children and adults [1–11]. Survival after E-CPR is
variably reported, and because maintaining an E-CPR
team is expensive, not universally available, and the
benefits of E-CPR largely unproven in adults, it is impor-
tant to better understand survival outcomes among adult
patients to recommend its use. However, the ability to
understand the use and efficacy of E-CPR is limited
because most reports on E-CPR are hampered by small
sample size, narrow diagnosis groups, and single institu-
tion reports, making generalization difficult.

The goals of this study are to describe demographic
characteristics, evaluate techniques employed, and re-
port survival outcomes for adults supported with E-CPR,
using multiinstitutional data from the Extracorporeal Life
Support Organization (ELSO). In addition, we evaluated
demographic characteristics, ECMO support-related fea-

tures, and also ECMO complications associated with
survival after E-CPR use in an attempt to define patients
most likely to benefit from E-CPR use.

Material and Methods

The ELSO registry collects data on ECMO used to sup-
port cardiorespiratory function in children and adults
from 116 United States and international centers [12].
Data are reported to registry after approval by the local
Institutional Review Boards (IRBs). Waiver of individual
patient consent for data reporting is governed by local
IRBs and thus is institution specific. A data use agree-
ment between ELSO and member centers allows ELSO
to release limited deidentified datasets to the member
centers for purposes of analysis for scientific publication
and waives the need for approval from individual report-
ing member centers. Data are reported using a standard-
ized data collection sheet. The registry defines E-CPR as
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Abstract Purpose: Survival out-
comes in children with heart disease
after use of either non-emergent
extracorporeal membrane oxygena-
tion (ECMO) or cardiopulmonary
resuscitation (CPR) onto ECMO
(ECPR) are comparable. Concerns
remain regarding the impact of CPR
duration on survival and neurological
outcome. Methods: Children with
cardiac disease requiring ECMO were
identified from our database. Demo-
graphic, operative and ECMO details
were evaluated with respect to sur-
vival. In addition, resuscitation details
were extracted for the recent sub-
group requiring ECPR; these details
were evaluated with respect to sur-
vival and neurological outcomes at
midterm follow-up by univariate
analysis and multivariable logistic
regression. Results: There were 126
ECMO runs in 116 children; 61
(53%) received ECPR. Forty-eight
(41%) children survived to discharge;
survival in the most recent era was
48%. Thirty-seven children under-
went ECPR in the most recent era
with 14 (38%) surviving to discharge.

Duration of cardiopulmonary resus-
citation differed significantly between
survivors and nonsurvivors (15 vs.
40 min, p = 0.009); children requir-
ing C30 min of CPR had 79%
reduced odds of hospital survival
(OR = 0.21, 95% CI = 0.05–0.96,
p = 0.04). Two children died after
hospital discharge; with 33% having
paediatric cerebral performance cate-
gory scores B2. Poor neurological
outcome was associated with longer
duration of CPR (32 vs. 17.5 min,
p = 0.03). Conclusions: Despite
comparable survival outcomes
between ECPR and non-emergent
ECMO in children with cardiac dis-
ease a significant association between
CPR duration and outcome (survival
and neurological) was noted in this
population.

Keywords Congenital heart disease !
Cardiac arrest ! Extracorporeal !
Outcomes !
Cardiopulmonary resuscitation !
Paediatrics

Introduction

Children after in-hospital cardiac arrest continue to have
significant morbidity and mortality [1]. Survival to hos-
pital discharge after in-hospital paediatric cardiac arrest is
reported to be between 13 and 27% [1–8] with conven-
tional resuscitation. A large study of cardiac arrest

involving 880 children from 156 institutions demon-
strated a 27% survival to discharge [1]. Requiring more
than 15 min of cardiopulmonary resuscitation (CPR) has
been associated with poor outcome [3, 8]. Numerous
studies have documented successful use of extracorporeal
membrane oxygenation (ECMO) during CPR (ECPR) [9,
10] in children with cardiac disease [11, 12]. Reported
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It takes a village !
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Simulation for Rapid Deployment
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Complications
• Bleeding

• Thrombosis

• Embolism-air, clots

• Mechanical- circuit, oxygenator, or pump

• Infections

• Surgical
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ECMO Circuit Rupture
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Future directions & novel uses of ECMO
• Pump augmented hemofiltration

• ECCO2R

• Tracheal surgery

• ECPR

• Therapeutic hypothermia

• ECMO transport

• Pumpless system

• Tidal perfusion
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