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Extracorporeal Life Support for Severe Acute Respiratory
Distress Syndrome in Adults

Mark R. Hemmila, MD, Stephen A. Rowe, MD, Tamer N. Boules, MD, Judiann Miskulin, MD,
John W. McGillicuddy, MD, Douglas J. Schuerer, MD, Jonathan W. Haft, MD, Fresca Swaniker, MD,
Saman Arbabi, MD, MPH, Ronald B. Hirschl, MD, and Robert H. Bartlett, MD

Objective: Severe acute respiratory distress syndrome (ARDS) is
associated with a high level of mortality. Extracorporeal life support
(ECLS) during severe ARDS maintains oxygen and carbon dioxide
gas exchange while providing an optimal environment for recovery
of pulmonary function. Since 1989, we have used a protocol-driven
algorithm for treatment of severe ARDS, which includes the use of
ECLS when standard therapy fails. The objective of this study was
to evaluate our experience with ECLS in adult patients with severe
ARDS with respect to mortality and morbidity.

Methods: We reviewed our complete experience with ELCS in
adults from January 1, 1989, through December 31, 2003. Severe
ARDS was defined as acute onset pulmonary failure, with bilateral
infiltrates on chest x-ray, and PaO,/fraction of inspired oxygen
(FiO,) ratio =100 or A-aDO, >600 mm Hg despite maximal
ventilator settings. The indication for ECLS was acute severe ARDS
unresponsive to optimal conventional treatment. The technique of
ECLS included veno-venous or veno-arterial vascular access, lung
“rest” at low FiO, and inspiratory pressure, minimal anticoagula-
tion, and optimization of systemic oxygen delivery.

Results: During the study period, ECLS was used for 405 adult
patients age 17 or older. Of these 405 patients, 255 were placed on
ECLS for severe ARDS refractory to all other treatment. Sixty-seven
percent were weaned off ECLS, and 52% survived to hospital
discharge. Multivariate logistic regression analysis identified the
following pre-ELCS variables as significant independent predictors
of survival: (1) age (P = 0.01); (2) gender (P = 0.048); (3) pH
=7.10 (P = 0.01); (4) PaO,/FiO, ratio (P = 0.03); and (5) days of
mechanical ventilation (P < 0.001). None of the patients who
survived required permanent mechanical ventilation or supplemental
oxygen therapy.
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Conclusion: Extracorporeal life support for severe ARDS in adults
is a successful therapeutic option in those patients who do not
respond to conventional mechanical ventilator strategies.

(Ann Surg 2004;240: 595-607)

he acute respiratory distress syndrome (ARDS) refers to

patients with an acute and progressive respiratory disease
of a noncardiac nature, in association with diffuse bilateral
pulmonary infiltrates demonstrated on chest radiograph, and
with hypoxemia.' In recent years, significant advances in our
understanding of the pathophysiology of ARDS and lung
injury have been made. This has led to prospective random-
ized clinical trials and attempts to improve therapy based on
this scientific knowledge. Despite these recent advances, the
mortality from ARDS in adults remains high at 40% to 60%
in contemporary series.”’ Approximately 10% of patients
with ARDS are unsalvageable because of fatal illness (eg,
head injury, massive burns, and metastatic cancer), so the
mortality in ARDS patients selected for potential recovery is
30% to 50%. ARDS patients with a very high mortality risk
can be identified early in the course of pulmonary failure.
This group of “severe” ARDS patients is characterized by
profound hypoxemia (PaO,/FiO, ratio =100 and/or A-aDO,
>600 mm Hg) despite optimal conventional treatment. The
use of extraordinary lifesaving treatment is indicated in these
critically ill patients.

The technique of extracorporeal life support (ECLS, or
ECMO, extracorporeal membrane oxygenation) for patients
with severe ARDS involves placing them on a veno-venous
(VV) or veno-arterial (VA) life support circuit with a mem-
brane oxygenator to temporarily take over the gas exchange
function of the lung. While on ECLS, the mechanical venti-
lator settings are adjusted to minimize ventilator-induced
lung injury and to maximize the recruitment of functional
residual lung capacity. Prolonged ECLS can sustain life even
in the absence of native pulmonary function. ECLS is stan-
dard treatment of neonatal and pediatric respiratory failure
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unresponsive to other modes of treatment, and the survival
rate in these patients is 70% to 90%.% ' ECLS is also used
for emergent cardiac support in pediatric and adult pa-
tients.'"!? In 1975, we participated in a prospective random-
ized trial of VA ECLS in adults for ARDS sponsored by the
National Institutes of Health. This 9-center study demon-
strated only 10% survival in both control and ECLS-treated
patients."? In retrospect, it was naive to conduct this study of
an immature but complex technology in centers with no prior
experience. Nonetheless, report of this study halted signifi-
cant clinical research on ECLS for ARDS in adults for at least
a decade.

More recently, investigators have reported improved
survival with ECLS in severe ARDS patients failing all other
means of respiratory support.'*™'7 In 1989, based on our
successful experience with neonatal and pediatric respiratory
failure, we returned to evaluation of ECLS for severe ARDS
in adults. We previously reported our results with ECLS for
respiratory failure in adults and documented a 52% survival
in the first 100 patients.'® Other major centers also report
50% to 70% survival in high-mortality-risk adult ARDS
patients. '~

Our treatment protocol for adults involves an algorithm
which aims to normalize body physiology, aggressively re-
cruit functional residual lung capacity, and minimize venti-
lator-induced lung injury (Fig. 1). This algorithm used in 141
patients with respiratory failure referred for consideration of
ECLS yielded a survival rate of 62% in patients with severe
ARDS (median initial PaO,/FiO, ratio of 66)."° The purpose
of this study is to describe and update our experience with
this algorithm and ECLS for severe ARDS in adult patients.

PATIENTS AND METHODS

From January 1989 to December 2003, 405 adult pa-
tients 17 years of age or older were placed on ECLS. Of these
405 patients, 255 had severe ARDS, 18 had pulmonary
embolism, 7 had hypercarbic respiratory failure, and the
remaining 125 patients were placed on ECLS for cardiac
failure or cardiopulmonary resuscitation (CPR). The patients
who formed the basis of this study were those placed on
ELCS for severe ARDS.

Patients at outside hospitals who were potential candi-
dates for ECLS were transferred using the facilities of Sur-
vival Flight (University of Michigan Health System ground
and aero-medical patient transport service). Some patients
were too clinically unstable for conventional transport. In
these instances, the ECLS team and equipment were trans-
ported to the referring hospital and the patient was placed on
ECLS. The patient was then transported back to the Univer-
sity of Michigan on active ECLS.

596

Mechanical ventilator

Pressure control mode

Limit PIP to 35-40 cm H,0

Best PEEP based on SvO,

Titrate FiO, for Sa0, > 90% and SvO, > 70%
Inverse |:E ratio

Monitors

Continuous Sa0, by pulse oximetry
Continuous SvO, and cardiac output pulmonary artery catheter

Arterial catheter
Ventilator tidal volume and minute ventilation

Treatments

Prone positioning (12-18 hours/day)

Transfuse with PRBC's to Hct 40-45

Diuresis to dry weight (Furosemide drip or CVVH)

Chemical sedation, paralysis if needed

Full enteral or parenteral nutrition

Control fever

Corticosteroids in patients with no pulmonary improvement after 7 days
ECLS if A-aDO, > 600 mmHg despite optimal treatment

FIGURE 1. University of Michigan algorithm for treatment of
severe ARDS. PIP, plateau inspiratory pressure; PEEP, positive
end-expiratory pressure; FiO,, fraction of inspired oxygen;
Sa0,, arterial oxygen saturation; SvO,, mixed venous oxygen
saturation; I:E, inspiratory to expiratory; Hct, hematocrit;
PRBC'’s, packed red blood cells; CVVH, continuous veno-ve-
nous hemofiltration; ECLS, extracorporeal life support.

Selection Criteria and Pre-ECLS Management

After admission to the ECLS service, a standardized
algorithm for management of severe respiratory failure was
followed (Fig. 1). If patients fail to improve on this algorithm,
ELCS is instituted. The indications for ECLS (and the defi-
nition of “failure to improve on algorithm treatment”) were
based primarily on lung dysfunction measured as PaO,/FiO,
ratio <100 on FiO, of 1.0, alveolar-arterial gradient (A-
aD0O,) >600 mm Hg, or transpulmonary shunt fraction
>30% despite and after optimal treatment. These parameters
describe a patient population with a >80% predicted mortal-
ity risk from ARDS.*%?° Early in our experience contraindi-
cations were age greater than 50 years, time on the mechan-
ical ventilator more than 5 days, and severe systemic sepsis.
As our experience grew, the age contraindication was ad-
vanced first to 60 and then to 70, while time on the mechan-
ical ventilator was advanced to 7 then 10 days; severe sepsis
is no longer a contraindication.

ECLS Methods

The technique of ECLS is well described.”'® It in-
cludes major vascular cannulation in VV or VA mode. A
drainage-infusion bridge (requiring regular unclamping and
flushing) was used in all cases until mid-2003. Continuous
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on-line circuit monitors included venous drainage blood ox-
ygen saturation, preoxygenator and postoxygenator pressure,
and blood pump flow rate. VV access is the preferred mode
of support for isolated respiratory failure. This was achieved
by cannulation of the right atrium and inferior vena cava with
the drainage and return catheters identified by optimal per-
formance.”! VA access was used when systemic arterial
perfusion support was necessary in addition to respiratory
support. Venous access was gained by right atrium and/or
inferior vena cava cannulation with arterial return into the
common femoral or right carotid artery.

The algorithm for managing ECLS included maintain-
ing blood flow to meet the goal of SaO, >85% (VV) or
>90% (VA). Standard heparin was given by continuous
infusion at a rate titrated to maintain the desired whole blood
activated clotting time 160 to 180 seconds (normal = 120
seconds). Patient management during ECLS included all of
the measures listed in Figure 1, with the exception that the
mechanical ventilator settings were reduced to “rest” or
nondamaging settings (typically FiO, 0.3-0.5, rate 6-10,
pressure control ventilation with PIP 30 cm H,O and positive
end-expiratory pressure (PEEP) 10 cm H,O, inspiratory to
expiratory [[:E] ratio >2:1).

Antibiotics were not given as a routine but were ad-
ministered for proven microbial infection. Methylpred-
nisolone (2 mg/kg/d)** was given to patients who failed to
improve their lung function after 7 days on ELCS. Renal
failure was managed by continuous hemofiltration with or
without countercurrent dialysis fluid. This was easily accom-
plished by adding a hemofilter to the ECLS circuit. Hemo-
filtration was usually performed in the continuous hemodi-
afiltration mode with a dialysis flow rate of 2 L/min. Fluids
were managed to maintain a desired negative hourly balance
until “dry weight” status was reached. Full nutritional support
was given by the enteral or parenteral routes, depending on
patient tolerance.

ECLS flow rate was adjusted to maintain gas exchange
and hemodynamic stability at “rest” ventilator settings. Pa-
tients were weaned from ECLS when they were hemodynam-
ically stable, sepsis had cleared, and they had adequate
oxygenation by SaO, and SvO, at FiO, 0.5 or less. Some
patients were weaned from ECLS at higher ventilator settings
because of bleeding complications. When lung function im-
proved, patients were then trialed off of ECLS at moderate
ventilator settings (FiO, 0.5-0.6, PIP 30 cm H,O, PEEP 10
cm H,O, L:'E 1:1) and decannulated if gas exchange was
adequate. ECLS was discontinued before lung recovery in
instances of irreversible brain damage, diagnosis incompati-
ble with life, or irreversible pulmonary failure. Irreversible
pulmonary failure was evident from elevations in pulmonary
vascular resistance leading to pulmonary artery pressures
greater than two thirds systemic blood pressure. This clinical
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finding was consistent with right heart failure, lung necrosis,
and severe pulmonary fibrosis at autopsy.

After successful weaning from ECLS, patients re-
mained on mechanical ventilation until standard extubation
criteria were met. Patients were discharged from the intensive
care unit (ICU) when they were stable off mechanical venti-
lation. Many of our patients were transferred to physical
medicine and rehabilitation for 1 to 2 weeks of therapy and
subsequently discharged from the hospital when capable of
independent living. All patients are followed up at regular
intervals by letter, telephone, and personal contact in the
clinic.

Data Analysis

For purposes of this review the primary diagnoses
leading to ARDS were divided into primary lung disease
(ARDS, International Classification of Diseases, Ninth Revi-
sion [ICD-9] 518.81) and secondary lung disease (ARDS
pulmonary insufficiency following trauma and/or surgery,
ICD-9 518.5). Pulmonary embolism is discussed as a cause of
respiratory failure in this series but is treated as a separate
class of patients because this condition often requires both
cardiac and pulmonary extracorporeal support. Lung recov-
ery is defined as successful weaning and decannulation from
extracorporeal support. Although there are many physiologic,
radiologic, and chemical variables which describe the course
of these patients, the results here are reported as primarily as
survival or nonsurvival. Previously we found that younger
age and fewer days on mechanical ventilation prior to ECLS
were associated with higher survival.'® We evaluated the
current database by multivariate logistic regression analysis
to determine which additional factors were associated with
survival.

Statistical Methods

The primary outcome measures were lung recovery
(successful weaning and survival off ECLS), survival to
hospital discharge, and complications. Data were analyzed
using multivariate stepwise logistic regression. The depen-
dent variable for logistic regression was mortality. First,
clinical parameters associated with mortality were identified
using univariate analysis (P value < 0.2). Continuous vari-
ables were analyzed using an unpaired 2-tailed Student ¢ test.
Discrete variables were compared using a 2-tailed Fisher
exact test analysis. These potential confounders were entered
in a multivariate stepwise (backward elimination) regression
model with mortality as the dependent variable. Variables
were removed and reentered into the model using a signifi-
cance level for removal and reentry of 0.2 and 0.1, respec-
tively. First-order interaction terms were investigated in the
final model. All statistical analysis was performed using
STATA Statistics/Data Analysis 8.0 software (Stata Corpo-
ration, College Station, TX). Results are presented as mean
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values = SD unless otherwise noted. Statistical significance
was defined as a P value = 0.05. Approval for this study was
obtained from the University of Michigan Health System
institutional review board.

RESULTS

A total of 280 adult patients were identified who un-
derwent treatment with ECLS for the diagnosis of respiratory
failure, and 125 patients received ECLS for either support of
failing cardiac function or ELCS CPR. Since 1989, the
University of Michigan has averaged 18 to 20 cases per year
of severe adult respiratory failure requiring ECLS therapy,
with a maximum of 36 cases in 1 year. Successful weaning
and survival off of ECLS was 68%, and survival to hospital
discharge was 53% in patients treated with ELCS for respi-
ratory failure (Table 1). The annual rate of weaning off ECLS
and survival to hospital discharge has remained nearly con-
stant since 1992, the point at which a total of 30 patients had
been treated.

One hundred ninety-one of the 255 (75%) patients with
severe ARDS were referred to the ECLS service from outside
the University of Michigan. Ninety-nine of these patients
required transport to the University of Michigan on ELCS,
and those patients transported on ELCS had a 59% survival to
hospital discharge. Two hundred six patients (81%) with
severe ARDS required ECLS therapy within the first 6 hours
of referral to the University of Michigan ECLS service. Of
the adult patients treated with ELCS for severe ARDS, 67%
were weaned from ECLS and 52% survived to hospital
discharge.

Characteristics of the adult patients treated for severe
ARDS with ECLS are listed in Tables 2 through 7. Different
modes of ELCS were employed, depending upon each pa-
tient’s clinical condition and physiologic needs. The VA + V
mode involves venous drainage of deoxygenated blood and
venous and arterial reinfusion of oxygenated blood. This
mode was primarily used in patients who had a common
femoral artery infusion cannula and poor pulmonary function

TABLE 1. Adult Respiratory ECLS Survival
Survival to
Survival off Discharge
ECLS (%) (%)

Total respiratory
ARDS
ARDS postsurgery/trauma

190/280 (67.8)
70/100 (70.0)
101/155 (65.2)

149/280 (53.2)
50/100 (50.0)
82/155 (52.9)

13/18 (72.2)  11/18 (61.1)

6/7 (85.7) 6/7 (85.7)

ARDS, acute respiratory distress syndrome; ECLS, extracorporeal life
support.

Pulmonary embolus
Status asthmaticus/hypercarbia
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TABLE 2. Adult ECLS for Severe ARDS Survival by Diagnosis

Survival to

Diagnosis No. Discharge, %

Primary lung injury

Pneumonia
Bacterial 79 57.0
Viral 33 54.5
Aspiration 13 61.5
Fungal/atypical 7 28.6
Vasculitis, BOOP 6 16.7
Secondary lung injury
Trauma 32 43.8
Sepsis/septic shock 22 50.0
Cardiac surgery 16 62.5
Lung transplant 16 43.8
Pancreatitis 9 66.7
Postoperation 8 37.5
Other 8 37.5
Pulmonary hemorrhage 3 66.7
Chemical pneumonitis 3 66.7
Overall 255 51.8

BOOP, brochiolitis obliterans organizing pneumonia; ARDS, acute re-
spiratory distress syndrome; ECLS, extracorporeal life support.

to improve the oxygen saturation of blood perfusing the brain
and coronary arteries. The outcome for each different mode
of ECLS used in these ARDS patients is described in Table
4. Mechanical and physiologic complications that occurred
during ECLS are listed in Table 5. Cannulation site bleeding,
surgical site bleeding, hemolysis, gastrointestinal hemor-
rhage, cerebral infarction, renal replacement therapy, creati-
nine >1.5 mg/dL, pneumothorax, pulmonary hemorrhage,
inotropes on ECLS, cardiac arrhythmia, CPR on ECLS,
culture proven new infection, pH =7.20, and deep venous
thrombosis (DVT) post-ECLS were all associated with sig-
nificantly decreased survival in univariate analysis. Physio-
logic and mechanical ventilator data at the time of decannu-
lation for patients successfully weaned off of ECLS are listed
in Table 6. These data are shown for patients who ultimately
survived to hospital discharge (77%) and those who died in
the hospital after discontinuation of ELCS (23%).

Multivariate analysis identified age, gender, pre-ECLS
pH =7.10, pre-ELCS PaO,/FiO, ratio, and pre-ECLS venti-
lator days to all be significant independent variables influ-
encing outcome (Table 7). The logit equation calculating the
probability of fatal outcome from ELCS based on these
pre-ECLS variables is as follows:

e( Sfunction)

Probability of fatal outcome = —————
1+ e(functwn)
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TABLE 3. Adult ECLS for Severe ARDS: Patient Characteristics

Total (n = 255)

Survivors (n = 132) Nonsurvivors (n = 123)

Mean = SD Range Mean = SD Range Mean = SD Range P Value
Age, y 384 £ 132 17-69 37.2 £13.1 17-68 39.7 =132 17-69 NS
Male/female, % 48.6/51.4 56.1/43.9 40.7/59.3 0.02
Weight, kg 824 + 228 36-156 822+ 219 39-156 82.7 239 36-150 NS
Duration of ECLS, h 219.5 = 196.3 3-1358 180.2 = 136.1 23-735  261.6 = 238.6 3-1358  0.0009
PaO,/FiO, ratio 549 £ 159 26-129 56.6 £ 15.5 26-129 53.1 = 16.1 28-123 NS
Shunt (Qs/Qt) 0.55 £0.19 — 0.54 = 0.17 — 0.56 = 0.21 — NS
A-aDO, gradient, mm Hg 612 =21 523-658 612 = 19 538-651 611 +22 523-658 NS
Pre-ECLS ventilator days 3833 0-22 32x26 0-16 45 37 0-22 0.002
Last pre-ECLS ABG
PaO,, mm Hg 543 x 154 26-129 563 £ 154 26-129 52.1 =153 28-123 0.03
PaCO,, mm Hg 46.8 = 15.0 15-122 444 + 137 21-94 49.5 = 15.9 15-122 0.006
pH 731 £0.12  7.00-7.61 733 £0.12  7.00-7.61 730 = 0.12  7.02-7.53 0.03
Sa0,, % 81.6 = 10.8 41-100 83.1 £10.2 48-98 80.1 = 11.3 41-100 0.03
Last pre-ECLS ventilator settings
FiO, 0.99 £0.04  0.60-1.00 1.00 £ 0.01  0.90-1.00 0.99 = 0.05  0.60-1.00 0.01
Tidal volume, mL 655 = 179 190-1580 672 = 197 300-1580 637 = 157 190-1000 NS
PIP, cm H,O* 445 =114 22-85 43.6 = 10.5 23-84 452 =122 22-85 NS
PEEP, cm H,0 13.0 = 4.6 0-30 13.0 £ 4.2 3-25 13.1 £5.0 0-30 NS
Last pre-ECLS hemodynamics
SBP, mm Hg 112.7 = 28.0 47-210  112.0 = 28.1 47203 1134 =279 66-210 NS
DBP, mm Hg 63.3 = 16.0 20-107 63.0 = 164 22-99 63.7 = 155 20-107 NS
PA SBP, mm Hg 46.0 = 13.5 15-129 445+ 12.5 15-83 475 = 144 20-129 NS
PA DBP, mm Hg 28.5 8.9 6-72 273 *£92 647 29.7 £ 8.5 14-72 NS
PCWP, mm Hg 17.6 £ 5.0 8-36 169 £5.1 8-36 184 =438 10-32 NS
Cardiac index, L/min 3.65 +1.36 1.1-8.3 3.66 = 1.16 1.2-5.6 3.64 = 1.55 1.1-8.3 NS
SvO,, % 56.8 £ 13.6 16-83 582 = 13.0 18-83 554 £ 14.0 16-81 NS
Pre-ECLS CPR, % 10.2 10.6 9.8 NS

ECLS, extracorporeal life support; ARDS, acute respiratory distress syndrome; PaO,, arterial oxygen tension; FiO,, fraction inspired oxygen; Qs/Qt, fraction
of pulmonary shunt to total pulmonary blood flow; A-aDO,, alveolar-arterial oxygen gradient; PaCO,, arterial carbon dioxide tension; Sa0,, arterial oxygen saturation;
PIP, peak inspiratory pressure; PEEP, positive end-expiratory pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure; PA, pulmonary artery; PCWP,
pulmonary artery capillary wedge pressure; SvO,, mixed venous oxygen saturation; CPR, cardio-pulmonary resuscitation; NS, not significant.

*Plateau or peak inspiratory pressure was not always recorded.

TABLE 4. Adult ECLS Mode for Severe ARDS

Mode N Survival to Discharge
\A% 168 59.5%
VA 47 31.9%
VA+V 9 33.3%
VA—-VV 15 73.3%
VV—=VA 27 14.8%
VA+V—-VV 2 50.0%

ARDS, acute respiratory distress syndrome; ECLS, extracorporeal life
support; VV, veno-venous; VA, veno-arterial; VA+V, veno-arterial plus
venous; VA—VV, veno-arterial changed to veno-venous; VV—VA, veno-
venous changed to veno-arterial; VA+V—VV, veno-arterial plus venous
changed to veno-venous. Twelve patients had more than 1 run of ECLS.

© 2004 Lippincott Williams & Wilkins

Sfunction = 0.18 X (pre-ECLS ventilator days) + 0.027
X (age) — 0.021 X (P/F ratio) + 2.13 X (pre-ECLS pH
category) — 0.54 X (gender category) — 0.45

P/F ratio = PaO,/FiO,

pre-ECLS pH category = 0 if pre-ECLS pH >7.1 or 1
if pre-ECLS pH =7.1

gender category = 0 if female or 1 if male

Graphical representation of the effect of pre-ECLS
Pa0,/FiO, ratio on probability of fatal outcome was derived
from the multiple logistic regression model and is shown in
Figure 2. Graphs were also constructed for pre-ECLS venti-
lator days and age but are not shown. ECLS decannulation
variables influencing outcome are shown in Table 8. ECLS
complications that were independently associated with de-
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TABLE 5. Complications During Adult ECLS for Severe ARDS

Complication % Survival to Discharge, % Odds Ratio  95% Confidence Interval P Value
Mechanical complications
Cannula problems 21.2 40.7 1.76 0.92-3.41 NS
Oxygenator failure 20.8 41.5 1.68 0.88-3.28 NS
Clots in circuit 20.7 472 1.26 0.66-2.42 NS
Alr in circuit 6.7 52.9 0.95 0.31-2.88 NS
Pump failure 5.5 50.0 1.08 0.31-3.72 NS
Tubing rupture, circuit disruption 3.1 25.0 1.77 0.49-7.05 NS
Heat exchanger malfunction 1.2 66.7 0.53 0.01-10.4 NS
Hemorrhagic complications
Cannulation site bleeding 31.4 413 1.86 1.05-3.29 0.03
Surgical site bleeding 26.7 26.5 4.34 2.27-8.50 <0.001
Tracheostomy bleeding 13.7 45.7 1.32 0.61-2.91 NS
Hemolysis 11.8 30.0 2.81 1.17-7.27 0.01
GI hemorrhage 7.1 222 4.11 1.24-17.6 0.01
DIC 4.7 333 2.23 0.58-10.3 NS
Neurologic complications
Cerebral infarction 5.5 214 4.22 1.07-24.03 0.03
Clinical brain death 3.5 0.0 — — —
Clinical seizure 2.7 42.9 1.45 0.24-10.1 NS
Cerebral hemorrhage 2.7 143 6.72 0.79-311.3 NS
Renal complications
Renal replacement therapy 53.7 33.6 532 3.00-9.46 <0.001
Creatinine 1.5-3.0 mg/dL 36.1 50.0 2.35 1.274.34 0.007
Creatinine >3.0 mg/dL 30.2 32.5 4.79 2.47-9.29 <0.001
Pulmonary complications
Pneumothorax 22.0 32.1 2.72 1.40-5.43 0.002
Pulmonary hemorrhage 14.1 27.8 343 1.51-8.31 0.001
Cardiac complications
Inotropes on ECLS 71.8 43.2 3.46 1.85-6.59 <0.001
Cardiac arrhythmia 373 36.8 2.55 1.47-4.47 <0.001
Hypertension 20.8 60.4 0.64 0.33-1.24 NS
CPR on ECLS 13.3 11.8 10.3 3.44-414 <0.001
Tamponade 3.9 40.0 1.64 0.38-8.09 NS
Myocardial stun by ECHO 35 55.6 0.85 0.17-4.07 NS
Gastrointestinal complications
Ischemic/gangrenous bowel 2.0 0.0 — — —
Infectious complications
Culture-proven new infection 38.0 41.2 1.99 1.15-3.43 0.01
WBC <1500 K/mm?® 3.5 333 221 0.46-13.9 NS
Metabolic complications
Glucose =240 mg/dL 55.3 50.4 1.13 0.67-1.92 NS
Hyperbilirubinemia 16.1 36.6 1.99 0.95-4.29 NS
pH =7.20 10.6 222 432 1.60-13.5 0.002
pH =7.60 24 50.0 0.71 0.06-6.32 NS
Glucose =40 mg/dL 1.2 0.0 — — —
Thromboembolic complications
DVT post-ECLS 7.5 78.9 0.26 0.06-0.86 0.02
Pulmonary embolus post-ECLS 2.0 0.0 — — —

GI, gastrointestinal; ECLS, extracorporeal life support; CPR, cardiopulmonary resuscitation; ECHO, echocardiogram; WBC, white blood cell count; DVT,
deep venous thrombosis; NS, not significant.
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TABLE 6. Data at Decannulation for Patients Weaned off ECLS

Total (n = 171)

Survivors (n = 132) Nonsurvivors (n = 39)

Mean = SD Range Mean = SD Range Mean = SD Range P Value
Decannulation ABG
PaO,, mm Hg 83.8 = 33.7 52-275 84.8 + 32.5 53-275 81.0 = 37.4 52-271 NS
PaCO, mm Hg 463 = 11.2 28-114 45.1 = 89 30-77 49.8 = 15.6 28-114 0.01
pH 7.40 = 0.08  7.10-7.60 7.41 = 0.08  7.13-7.60 736 =0.09  7.10-7.57 0.0005
HCO;, mEq/L 275 £4.7 17-42 279 = 4.6 17-42 263 =49 19-41 0.05
Sa0,, % 93734 82-100 94.0 £33 82-100 929 *+35 85-99 0.05
SvO,, % 67.4 = 6.0 48-82 67.6 = 5.5 52-81 66.9 £ 7.5 48-82 NS
Hb, g/dL 134 £0.8 10.8-16.0 135+ 0.8 10.8-16.0 134 =09 11.2-15.2 NS
Decannulation ventilator settings
FiO, 0.51 =0.12  0.30-1.00 0.49 = 0.10  0.30-1.00 0.55 £0.15 0.4-1.00 0.002
Tidal volume, mL 681 = 187 320-1180 692 = 174 320-1180 650 = 219 339-1142 NS
PIP, cm H,O 359 £5.0 22-51 35449 22-50 37.1 £49 28-51 0.050
PEEP, cm H,0 92*x30 0-16 93*=3.0 0-16 92 =*=3.0 0-15 NS

ABG, arterial blood gas analysis; PaO,, arterial oxygen tension; PaCO,, arterial carbon dioxide tension; HCOj, bicarbonate concentration; SaO,, arterial
oxygen saturation; SvO,, mixed venous oxygen saturation; Hb, hemoglobin concentration; FiO,, fraction inspired oxygen; PIP, peak inspiratory pressure;

PEEP, positive end-expiratory pressure; NS, not significant.

TABLE 7. Multiple Logistic Regression Analysis of Pre-ECLS
Variables Influencing Outcome

95%
Odds Confidence
Variable Ratio Interval P Value
Age 1.03 1.01-1.05 0.01
Gender (male vs. female) 0.58  0.34-0.996 0.048
Pre-ECLS pH =7.10 8.40  1.55-455 0.01
Pre-ECLS PaO,/FiO, 098  0.96-0.998 0.03
Pre-ECLS ventilator days 1.20 1.09-1.31 <0.001
Pre-ECLS ventilator days >8 5.53 1.94-15.8 0.001

creased survival, identified in multivariate analysis, included
cannulation site bleeding, surgical site bleeding, cerebral
infarction, renal replacement therapy, pulmonary embolism,
and CPR on ELCS. In addition, all of the patients who
suffered clinical brain death, ischemic or gangrenous bowel,
or glucose =40 mg/dL died. The cause of death is shown in
Table 9 for all nonsurvivors.

Almost all surviving patients returned to normal func-
tion by 1 year postdischarge. The major abnormalities expe-
rienced are neurologic or neuromuscular disorders, including
deafness and prolonged weakness or neuropathy. Pulmonary
function and exercise tolerance is normal for activities of
daily living in all patients, although a slight restrictive pattern
is often seen on detailed pulmonary function testing. The
major disability is psychologic, as is common after any
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FIGURE 2. Graphical representation of the effect of pre-ECLS
PaO,/FiO, ratio on the probability of fatal outcome from ELCS,
derived from the multiple logistic regression model of pre-
ECLS variables found to be independent predictors of out-
come. The light gray box represents the 95% confidence
interval for the graph.

life-threatening illness. Approximately 25% of patients have
fear of recurrence of illness, nightmares, or even overt de-
pression.

DISCUSSION
ARDS is characterized by profound hypoxemia caused
by acute and persistent pulmonary inflammation with in-

601

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Hemmila et al

Annals of Surgery ® Volume 240, Number 4, October 2004

TABLE 8. Multiple Logistic Regression Analysis of ECLS
Decannulation Variables Influencing Outcome

95%
Odds Confidence

Variable Ratio Interval P Value
Age 1.02  0.99-1.05 NS
Decannulation pH <7.30 5.62 1.63-19.4  0.006
Decannulation SvO, <60% 428 1.44-12.7  0.009
Decannulation HCO; <24 mEgq/L 241 1.06-5.48  0.04
Decannulation FiO, >0.60 1.82  0.65-5.09 NS

NS, not significant.

creased vascular permeability. The etiology of ARDS can be
classified as primary lung injury (caused by bacterial, viral, or
aspiration pneumonia, vasculitis, or other primary lung dis-
ease), or secondary lung injury (following shock, trauma,
sepsis, pancreatitis, or other systemic conditions). Overall
mortality for ARDS is currently 40% to 60% in all major
series.””” This high mortality is caused by multiple-organ
failure, sepsis, stroke, myocardial infarction, and in some
cases, by progressive irreversible pulmonary failure. Within
those patients with ARDS, there is a group of patients with
“severe ARDS” that is characterized by A-aDO, >600 mm
Hg and/or PaO,/FiO, ratio =100 on 100% oxygen despite
and after optimal treatment. In some, if not all, cases, pa-
tients’ progressive pulmonary failure and multiple-organ fail-
ure is caused to an extent by the high-pressure, high-oxygen
mechanical ventilation, which is necessary to keep the pa-
tients alive. These patients are candidates for extraordinary
measures of life support. The patients in this series were
transferred to the University of Michigan Surgical ICU be-
cause they had failed optimal conventional treatment. Most of
the patients were referred from other hospitals, and some
required transport on ECLS. This group of patients with
severe ARDS has an 80% to 100% risk of mortality with
continuing conventional treatment.%2°

ECLS is the standard treatment of respiratory failure in
newborn and pediatric patients who fail to respond to con-
ventional therapy. The survival rate for neonates is 88%,’ and
for pediatric patients it is 71%.' Based on our extensive
experience with neonates and children, we developed a stan-
dardized protocol for the management of severe ARDS in
adults which included ECLS if patients failed to respond to
our treatment algorithm. Early in our experience, contraindi-
cations included duration of mechanical ventilation >5 days,
age >50 years, and severe sepsis. As our experience evolved,
the age and ventilator days limits progressed to 70 years and
10 days, respectively. Our previous studies have demon-
strated that duration of mechanical ventilation,>® age, and
pre-ECLS PaO,/FiO, ratio'® are independent predictors of
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TABLE 9. Adult ECLS for Severe ARDS Cause of Death

Reason No. Total No.
Died on ECLS or ECLS complication 20
Arrest 8
Cannula problem/bleeding 4
Myocardial infarction 2
CVA 2
Other 4
ECLS withdrawn 69
Irreversible organ failure 43
CVA 12
Bleeding 8
Diagnosis incompatible with life 3
Pulmonary fibrosis 3
Recovery with late death 34
CVA 4
Mesenteric ischemia 3
MSOF/other 27
Total 123

ECLS, extracorporeal life support; CVA, cerebral vascular accident;
MSOF, multisystem organ failure.

ECLS outcome. In this study, we add to the multivariate model
the pre-ECLS variables of gender and pH =7.10 as significant
independent predictors of ELCS outcome. Systemic sepsis and
septic shock is now an indication,>* not a contraindication, for
ECLS and has a survival of 50% in the present study. Extending
indications to older patients and longer pre-ECLS duration on
mechanical ventilation are two reasons why the overall survival
rate has not changed significantly with time.

Our algorithm for the management of severe ARDS is
based on our understanding of the pathophysiology of inho-
mogeneous blood and gas distribution in the edematous lung
as described by Gattinoni et al*>*° Prone positioning im-
proves oxygenation because of the effects of shifting the
weight of water in the lung. Proning improves A-aDO,
promptly but must be combined with fluid-balance manage-
ment to return the patient to normal dry weight to improve
survival.>”?® Ventilator settings must sustain adequate gas
exchange but run the risk of causing ventilator-induced lung
injury by high pressure, high stretch, or high Fi0,.>*°
Continuous monitoring of mixed-venous oxygen saturation,
cardiac output, and pulmonary artery pressure is essential for
minute-to-minute titration of FiO,, PEEP, hemoglobin, and
ventilator settings with the overall goal of maintaining sys-
temic oxygen delivery at 5 times consumption. The other
centers which report a large experience with ECLS for severe
respiratory failure have evolved to the same overall manage-
ment protocol.'* 73! This management protocol is contin-
ued during ECLS, with the exception that ventilator settings
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and FiO, can be turned down to resting levels. High-dose
corticosteroids for unresolved ARDS as proposed by Meduri
et al*?> were used in cases of ECLS which showed no
improvement in lung function after 7 days.

During ECLS, patients progress to a condition in which
native lung function would not support survival. Oxygenation
and CO, removal is accomplished through the extracorporeal
circuit; otherwise, these patients would die of hypoxia and
hypercarbia. We determine this by measuring oxygen and
CO, exchange across the native lung and across the ECLS
circuit. This is the basis for our conclusion that >80% of
these patients would have died without extracorporeal sup-
port. Furthermore, the use of ECLS allows us to study the
natural history of ARDS beyond the time when patients
would have died with conventional treatment. The results
demonstrate that native lung recovery can occur despite total
loss of lung function for a period of days or weeks. Moreover,
the inevitable fibrosis which accompanies lung injury and
recovery resolves over a period of a year following the
episode of severe ARDS. This type of life support comes at
a physiologic price. The components of the ECLS circuit can
and do fail, as shown in Table 5. Physiologic complications
are also common and can negatively impact outcome. Some
of these complications are related to the primary disease, and
some, like bleeding, are related to ECLS therapy. Nonethe-
less, the likelihood of surviving an otherwise fatal condition
justifies the risk of serious complications.

One-hundred seventy-one of 255 patients were success-
fully weaned off of ECLS. Thirty-four (20%) of the patients
decannulated from ECLS failed to recover completely and
died before hospital discharge. The primary cause of these
late deaths following ECLS continues to be infectious issues
combined with multiple system organ failure. Surprisingly,
despite being on anticoagulation during ECLS, development
of DVT and fatal pulmonary embolism has been a cause of
late deaths following decannulation. We therefore screen for
DVT 5 to 10 days after ECLS is discontinued and have a low
threshold for placement of a prophylactic IVC filter in pa-
tients with a positive DVT scan.

With results of 50% to 70% survival in severe ARDS,
why is the technique of ECLS not used more often in the
treatment of ARDS? One reason is evidence. In 1975, we
participated in an NIH-sponsored study of VA ECLS for
ARDS. The technique of extracorporeal support and the
technique of ventilator and patient management were totally
different than current practice in that study. However, the fact
that only 10% of patients survived in both groups led to the
general impression that ECLS had been proven ineffective in
ARDS."* Modern experience uses very different technology
and a different understanding of pathophysiology of ARDS,
but the 1970s trial causes some to question the evidence.
Morris et al*?> conducted a prospective randomized trial of
extracorporeal CO, removal in a small group of patients. That
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technology is very different than full-support ECLS. Neona-
tal ECLS has been tested in 5 prospective randomized trials,
all showing major benefit both in survival and in quality life
years.®*73> There is currently a prospective randomized trial
of adult ECLS under way in the United Kingdom based in
Glenfield Hospital in Leicester (the Cesar Trial).>® The design
of that trial is the same as the UK neonatal ECMO trial, which
was a well-conceived trial design for a life-support system
which cannot be studied in the blinded fashion.*

The conduct of a prospective randomized trial of ECLS
therapy is a Herculean effort and must overcome many
pitfalls that are not present in classic drug trials. The learning
curve for ECLS therapy usually takes 10 to 20 patients.
Management of the therapy must be reproducible before a
meaningful trial can be conducted. Crossover is problematic
because often the conventional and experimental arms are
conducted at the same center. It is difficult to deny a patient
ECLS who may be dying due to family, caregiver, and
institutional perspectives/bias that are rooted more in emotion
than scientific fact. Indeed, a narrow window of opportunity
often exists shortly after a technique is developed and mas-
tered but before it becomes well established when a random-
ized clinical trial can be mounted. Other areas of controversy
and concern in the conduct of ECLS trials include informed
consent, trial design, and end points.*’

Another reason that ECLS is not more widely practiced
is the perceived cost. However, ECLS is not particularly
expensive relative to other high-technology types of care. It is
less expensive than organ transplant, cancer chemotherapy, or
a year of hemodialysis. The actual cost of ECLS is 10% more
than the total cost of conventional management of severe
ARDS, but the quality-of-life year survival has been shown to
be cost-beneficial.**>° The major reason why ECLS is not
more widely practiced is that it is a complex technology
which requires learning and practice in the laboratory and
participation of many parts of the hospital. As the technology
becomes simplified and less expensive and experience is
reported, we expect ECLS to be as commonplace in the adult
ICU as it is in the neonatal ICU. Presently, lung transplant
centers and centers which do major cardiac surgery have
ECLS programs to support the occasional patient with acute
cardiac or pulmonary failure following transplantation or
other complex operations.***!

It is interesting to speculate why lung recovery and
improved patient survival occur with ECLS support. Cer-
tainly gas exchange is one factor, but much more important is
gas exchange achieved without the problems of high-pres-
sure, high-oxygen mechanical ventilation. Data from experi-
mental animal®*** and clinical series>***® show that venti-
lator-induced lung injury also causes renal failure, liver
failure, cardiac failure, and other systemic consequences. One
reason for this may be elaboration of inflammatory mediators
from the damaged lung when high-pressure mechanical ven-
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tilation is continued.**~*® Moreover, high-pressure mechan-
ical ventilation injures the most normal area of the remaining
native lung, resulting in the downward spiral of typical of
severe ARDS. By providing life support without reliance on
mechanical ventilation for gas exchange, the native lung has
time to recover. Release of inflammatory mediators from the
damaged native lung may be significantly decreased with
extracorporeal support rather than high-pressure mechanical
ventilation. Although profound hypoxemia is the prominent
indication for high-mortality risk respiratory failure, “rescue
therapy” to sustain gas exchange is no longer the primary
goal of extracorporeal support. With this concept in mind, it
is important to point out that we consider ECLS to be a
technique which sustains life during recovery from lung
injury and multiple organ failure.

CONCLUSIONS

ECLS can maintain life in adult patients with severe
ARDS, even in the absence of significant native lung func-
tion. This allows time for lung recruitment, direct treatment
of the causes of ARDS, and management of multiple-organ
failure. In our series of 255 adult patients with severe ARDS
who required ECLS, functional lung recovery with decannu-
lation from ECLS occurred in 67% of patients treated, and
52% of patients ultimately survived to hospital discharge.
The use of ECLS in combination with a physiologic algo-
rithm for the management of acute respiratory failure signif-
icantly decreases mortality in severe ARDS.
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Discussions

Dr. THomAas M. KRUMMEL (STANFORD, CALIFORNIA): |
would like to congratulate the authors on their superb results
and thank Dr. Hemmila for a very thoughtful presentation.

It is worth emphasizing the state of the art 25 years ago.
In 1979, a multicenter clinical trial suggested that ECLS was
worthless in adult respiratory failure. At the same time, there
was a single neonatal ECMO center in the world. Twenty-five
years later there are thousands of kids that have survived as a
result of ECMO support. And direct responsibility goes to Dr.

© 2004 Lippincott Williams & Wilkins

Bartlett and his team for that extraordinary effort. For that
work, Dr. Bartlett received the ACS Jacobson Innovator
Award and the Medallion for Achievement from this Society.

Fast forward now. What is the story with adults? It
would appear that the current work suggests that adult
ECMO, or ECLS, works. The question is can that work be
translated elsewhere and do the time-honored beliefs of the
failure of adult ECLS need to be reevaluated? I would like to
ask 4 questions.

The old dogma was that lung injury in the adult led to
fibrosis and irreversible lung failure. Is there histologic evi-
dence that this is wrong? Has something changed? Or have
the less traumatic ventilatory strategies changed that previ-
ously inevitable outcome?

Secondly, in the manuscript cost is briefly discussed.
Could you elaborate on the expense and the years of human
life saved?

Third, all of us in the life support community recognize
the critical role of an experienced team. What are your
thoughts on team training? Is there a minimum number of
cases that a team must have in order to produce these kind of
results?

Finally, in the spirit of Dr. Debas’s comments this
morning, is it time for a randomized clinical trial for adult
ECLS?

I would like to thank the Association for the privilege
of the floor.

Dr. MaArRk HEmMMILA (ANN ARBOR, MICHIGAN): Thank
you, Dr. Krummel. With regard to your first question con-
cerning histology and fibrosis, it is interesting that in the more
recent trials with ARDS and in animal experiments we are
seeing release of cytokine mediators that can lead to multi-
system organ failure. Perhaps this is why our patients with
severe ARDS tend to fare poorly and it is not really just
irreversible pulmonary fibrosis that leads to poor outcomes.
Indeed, there is only a small subset of our ECLS patients who
effectively die or have support withdrawn because of pulmo-
nary fibrosis. There is a much larger group that has died due
to ongoing multisystem organ failure.

Cost is an interesting aspect of ELCS treatment. If you
look at the cost of performing ECLS it appears considerable,
it is labor intensive, it requires a specialist, it uses expensive
equipment, and requires one-on-one nursing care. However,
most of our analyses of the costs attributed to ECLS have
found that it really only amounts to a 10% increase in the
patient’s overall hospital bill. More importantly, If you look
at the patients that we treat, almost all of these people are
taxpayers who go back out into their communities, back to
their jobs, and back to their families. It is hard to measure that
benefit against not doing ECLS therapy.

Team training is important and is certainly the most
essential element of what we have at the University of
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Michigan. Dr. Bartlett has assembled a world-class group of
nurses, ECLS specialists, respiratory technicians, and physi-
cians who care for these patients. On one of our slides you
saw that it initially took about 4 to 5 years for the mortality
rate to plateau. This represents about 30—45 cases, I would
say. So I think it is unfair for a center to embark on a clinical
trial until they have really completed the requisite learning
curve amount of cases. Part of the learning curve is figuring
out and gaining experience with how you are going to
cannulate these patients. There is not just one standard way to
run a patient on ELCS.

And last, with regard to a clinical trial, we are very
encouraged by the fact that there is currently a prospective
randomized adult ELCS trial being conducted in the United
Kingdom, it is the CESAR Trial, which will compare con-
ventional mechanical ventilation methods with ELCS for
adults with severe ARDS. The enrollment criteria are very
similar to the criteria that we have for using ELCS in adult
patients. If you look at the Leicester group who is performing
the ECLS therapy in this trial, their average PaO2 to FiO2
ratio is about 65, which is about 10 higher than our average
PaO2 to FiO2 ratio. Their published survival in the first 50
adult patients, prior to this trial being started, was 66%.

Dr. JosepH M. VAN DE WATER (MACON, GEORGIA):
Congratulations, Dr. Hemmila, on a very nice presentation of
an immense amount of work with Dr. Bartlett. My questions
are:

One, is the problem simply one of oxygen delivery
which ultimately determines survival? If so, have you mea-
sured a significant oxygen debt in the non-survivors?

Secondly, considering that there is peripheral shunting
in the inflammatory state, can you really use mixed venous
oxygen content to assess oxygen utilization and to guide your
therapy? In other words, your value of 60% may not be
correct.

Lastly, with your highly refined techniques of resting
the lungs, you have a wonderful way to study the inflamma-
tory mediators responsible for ARDS. Have you done so? If
so, have you made any progress in controlling them?

Dr. MARK HEMMILA (ANN ARBOR, MICHIGAN): In regards
to your first question and the oxygen debt, no, we have not
actually measured an oxygen debt in our adult ECLS patients.
The patients probably do have a debt when they initially go
on ELCS as they are usually profoundly hypoxic and tend to
have a respiratory and sometimes a metabolic acidosis. These
deficits are corrected rapidly over the first few hours of ECLS
therapy. After that, the patients are basically no different than
patients who are on cardiopulmonary bypass. They have an
effective oxygen delivery that is adequate to meet their needs
and there is no ongoing oxygen debt.
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Measurement of the mixed venous oxygen saturation in
the venous drainage blood guides our therapy, but is not the
only measurement we use. In setting the parameters for
management of our patients on ECLS, we strive to keep their
arterial oxygen saturation greater than 90%. We also strive to
keep the ratio of oxygen delivery to consumption around 5 to
1, and to do this we monitor the oxygenization of the blood
returning to the circuit.

In some of our patients who were decannulated, they
are having difficulty meeting their metabolic needs and they
may indeed have significant transpulmonary shunting that
does not allow them to fully recover. For instance, these are
patients who are bleeding or have complications while on
ECLS that require them to be taken off of ELCS regardless of
their current respiratory and physiologic status.

To answer your last question, we have not yet measured
the cytokine profile of our adult patients on ECLS. This
would be interesting, but one of the difficulties is that cyto-
kines tend to become bound up to the plastic in the circuit and
are also cleared by the dialysis filter if one is present.
However, it would be interesting to do so in the future.

Dr. ANTHONY A. MEYER (CHAPEL HiLL, NorTH CARO-
LINA): | would take this opportunity to commend Dr. Bartlett
and his group for their leadership in improvement of critical
care of surgical patients, which, whether it is not just applied
there but applied all over the country, has contributed to the
increasing advances, the improved outcomes, in patients,
whether they be with transplant, cancer, trauma, cardiac, or
thoracic problems. I have 3 brief questions.

First of all, in the intent to treat, were there any patients
who met your criteria who were not enrolled in ECLS group?

Second, in the complications of ECLS, were there any
patients taken off particularly early and were any of the
deaths after being taken off ECLS due to those complica-
tions?

Finally, you describe return to normal lung function. I
would like to know how that was measured, since it is very
important since most other studies looking at patients with
severe ARDS, at least in a notable subset, have prolonged
restrictive lung disease.

Dr. Mark HEmmiLA (ANN ARBOR, MicHIiGAN): We did
have incidents in which we had to take patients off of ECLS
in whom we would have preferred to leave them on. Yes,
these patients were included in the decannulation group,
because indeed they were decannulated. Some of these pa-
tients go on to survive and some do not. We prefer to
decannulate all of our patients in a controlled fashion when
they have adequate lung recovery. Unfortunately, some of our
patients develop complications on ECLS that preclude us
waiting any longer to take them off, so, for purposes of
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analysis we have to include these patients as being decannu-
lated.

With regard to measuring the patient’s lung function,
we periodically obtain pulmonary function tests in our pa-
tients when they come back to the clinic in follow-up. What
we find is they have a mild restrictive breathing pattern but no
other real deficit. None of our patients has required oxygen
therapy at home, and none have required permanent mechan-
ical ventilation. Those are our outcome criteria. Do we have
exact measurements of every patient’s pulmonary function?
No, we do not.

Dr. Frank R. LEwis (PHILADELPHIA, PENNSYLVANIA): |
enjoyed your presentation very much and would certainly
echo the compliments to Dr. Bartlett and his team.

In your presentation, you implied that the difference in
mortality between venovenous and venoarterial bypass is due
to the underlying physiology of the patient which required
arterial pressure support. Is it possible that the differences in
outcome are due to the method itself? The volume of pulmo-
nary blood flow is markedly different with the two systems;
venovenous pulmonary flow is normal and venoarterial is
markedly reduced. If that were a factor, it might explain the
negative results in the randomized study in the *70s, since all
of those patients were on venoarterial bypass.

My second question is, could you mention the severity
of complications that developed from the cannulation and
decannulation itself? Did you see significant amounts of
vascular problems or compromising extremities?

Dr. Mark HEmMmiLA (ANN ARBOR, MicHIGAN): We do
have a significant amount of complications that occur in these
adults treated with ECLS. I did not present a slide on them
out of respect for time, but they are covered in the manu-
script. The ones that we found that happen and are also
independent predictors of outcome in multivariate analysis
are: bleeding, cerebral infarction, need for renal replacement
therapy, pulmonary embolism, and CPR on ELCS. Interest-
ingly, none of the mechanical complications turned out to be
a real factor in predicting mortality.

For patients who are on veno-arterial ELCS, it is a very
complex situation. It seems like it should not be, but it turns
out to be a real dilemma how you cannulate these patients.
You have 2 basic anatomic setups for placing the cannulas.
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One, is to place both cannulas in the neck, with one cannula
in the right common carotid artery and the other in the right
internal jugular vein. This provides excellent flow of oxygen-
ated blood to the brain and heart. But it comes at a cost of
potentially causing a stroke. We have found that for men the
stroke rate with right common carotid artery cannulation and
ligation is 10—15% and for women it is around 15-20%. This
would certainly add to the mortality and morbidity of patients
treated with veno-arterial ECLS.

Another means of cannulating the patient for veno-
arterial support is to put the cannulas in the groin vessels.
Unfortunately, groin cannulation of the femoral artery often-
times leads to distal lower extremity ischemia and the need
for a reperfusion cannula to be placed. The other difficulty is
that the oxygenated blood flow is retrograde in the aorta. You
can still have deoxygenated blood leaving the heart and going
to the coronary arteries and brain, which are the first major
branches of the aorta. Because the retrograde arterial blood
flow may never reach these vital organs, we sometimes
include an additional return line in the ECLS circuit which
sends oxygenated blood into the right heart to offset dimin-
ished pulmonary function when we are cannulated in the
groin for veno-arterial support.

In concluding, I would like to thank Dr. Bartlett for
being my mentor and friend.

DRr. ROBERT H. BARTLETT (ANN ARBOR, MICHIGAN): Ap-
ropos of the comments by Dr. Debas and Dr. Jones this
morning, I will just say a brief word about clinical research
and evidence based trials. In this particular entity, acute
potentially fatal organ failure in which the treatment you are
evaluating is mechanical support of that organ, is very diffi-
cult to do randomized trials. The problems are logistical,
ethical, financial and scientific. For example, there never has
been, never will be a trial of dialysis for acute renal failure or
a trial of intra-aortic balloon pumping for cardiac failure.

We are quite proud of the fact that there have been 6
prospective randomized trials in ECMO in different age
groups and types of population. As you heard from Dr.
Hemmila, the seventh is under way—difficult to do but
necessary to do, as pointed out this morning. Thank you very
much.
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