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PATIENTS WITH RELATIVELY NOR-
mal pulmonary function at the
time of brain death may have
declines in functioning, and

only 15% to 20% of these patients’ lungs
are subsequently suitable for transplan-
tation.1-3 This may result from the pul-
monary damage associated with brain
injury4 or the iatrogenic effects of me-
chanical ventilation.5,6

There is evidence in various set-
tings demonstrating that a lung pro-
tective strategy is beneficial. In pa-
tients with acute lung injury, ventilation

See also pp 2592 and 2643
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Context Many potential donor lungs deteriorate between the time of brain death
and evaluation for transplantation suitability, possibly because of the ventilatory strat-
egy used after brain death.

Objective To test whether a lung protective strategy increases the number of lungs
available for transplantation.

Design, Setting, and Patients Multicenter randomized controlled trial of pa-
tients with beating hearts who were potential organ donors conducted at 12 Euro-
pean intensive care units from September 2004 to May 2009 in the Protective Ven-
tilatory Strategy in Potential Lung Donors Study.

Interventions Potential donors were randomized to the conventional ventilatory strat-
egy (with tidal volumes of 10-12 mL/kg of predicted body weight, positive end-
expiratory pressure [PEEP] of 3-5 cm H2O, apnea tests performed by disconnecting
the ventilator, and open circuit for airway suction) or the protective ventilatory strat-
egy (with tidal volumes of 6-8 mL/kg of predicted body weight, PEEP of 8-10 cm H2O,
apnea tests performed by using continuous positive airway pressure, and closed cir-
cuit for airway suction).

Main Outcome Measures The number of organ donors meeting eligibility criteria
for harvesting, number of lungs harvested, and 6-month survival of lung transplant
recipients.

Results The trial was stopped after enrolling 118 patients (59 in the conventional
ventilatory strategy and 59 in the protective ventilatory strategy) because of termi-
nation of funding. The number of patients who met lung donor eligibility criteria after
the 6-hour observation period was 32 (54%) in the conventional strategy vs 56 (95%)
in the protective strategy (difference of 41% [95% confidence interval {CI}, 26.5% to
54.8%]; P�.001). The number of patients in whom lungs were harvested was 16 (27%)
in the conventional strategy vs 32 (54%) in the protective strategy (difference of 27%
[95% CI, 10.0% to 44.5%]; P= .004). Six-month survival rates did not differ between
recipients who received lungs from donors ventilated with the conventional strategy
compared with the protective strategy (11/16 [69%] vs 24/32 [75%], respectively;
difference of 6% [95% CI, −22% to 32%]).

Conclusion Use of a lung protective strategy in potential organ donors with brain
death increased the number of eligible and harvested lungs compared with a conven-
tional strategy.

Trial Registration clinicaltrials.gov Identifier: NCT00260676
JAMA. 2010;304(23):2620-2627 www.jama.com
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with low tidal volumes decreased ab-
solute mortality by 9%.7 In patients with
normal pulmonary function, ventila-
tion with lower tidal volumes was as-
sociated with a lower likelihood of de-
veloping acute lung injury.8 In patients
with brain injuries, ventilation with
higher tidal volumes was an indepen-
dent factor contributing to develop-
ment of acute lung injury.6

Despite this evidence, there is
controversy as to the best ventilatory
strategy to use in patients diagnosed as
having brain death. A consensus con-
ference9 recommended ventilation with
low tidal volumes of 10 to 12 mL/kg of
measured body weight and positive
end-expiratory pressure (PEEP) of 5 cm
H2O. A subsequent review article10 and
an observational study11 suggested that
potential donors should receive venti-
lation with low tidal volumes of 8 to 10
mL/kg of predicted body weight. Guide-
lines for potential organ donors cur-
rently recommend ventilation with
higher levels of low tidal volume (10-15
mL/kg of measured body weight).12,13

We hypothesized that a protective
lung strategy in patients diagnosed as
having brain death would decrease the
development of lung dysfunction and
increase the number of lungs available
for transplantation.

METHODS
Potential donors were from 12 inten-
sive care units in Italy and Spain, had
normal heart beat patterns, and had
been reported to organ procurement or-
ganizations between September 2004
and May 2009. The ethics review boards
of all of the participating hospitals ap-
proved the protocol and relatives of the
patients provided consent for organ do-
nation. Exclusion criteria were denied
consent for organ donation; legal is-
sues preventing organ donation; his-
tory of cardiac arrest; age younger than
18 years or older than 65 years; radio-
graphic pulmonary infiltrates; dura-
tion of mechanical ventilation until
brain death longer than 5 days; smok-
ing history (�20 pack-years), asthma
or chronic obstructive pulmonary dis-
ease, chest trauma or previous tho-

racic surgery; and aspiration pneumo-
nia or purulent secretions diagnosed by
bronchoscopy, sputum, or bronchoal-
veolar lavage positive for Gram stain,
fungus, or white blood cells.3,14,15

The Protective Ventilatory Strategy
in Potential Lung Donors Study used
a central Web site that created a con-
cealed, computer-generated block ran-
domization schedule that assigned pa-
tients to either the conventional or
protective lung ventilatory strategy,
which was applied during the observa-
tion period required for declaration of
brain death (6 hours), and maintained
until patients arrived in the operating
department for organ extraction.

In the conventional strategy, pa-
tients received ventilation with low tidal
volumes of 10 to 12 mL/kg of pre-
dicted body weight7 and PEEP of 3 to
5 cm H2O.2 An open circuit was used
for tracheal suction. Apnea tests were
performed by disconnecting the pa-
tient from the ventilator while admin-
istrating high-flow oxygen.

In the protective strategy, patients re-
ceived ventilation with low tidal vol-
umes of 6 to 8 mL/kg of predicted body
weight and PEEP of 8 to 10 cm H2O. A
closed circuit was used for tracheal suc-
tion.16 Apnea tests were performed with
the ventilator in the continuous posi-
tive airway pressure mode.17 Continu-
ous positive airway pressure was set
equal to the previous PEEP used dur-
ing mechanical ventilation. Recruit-
ment maneuvers (doubling ventila-
tion with low tidal volumes for 10
breaths)18 were performed after any dis-
connection from the ventilator.

In both strategy groups, respiratory
rate was adjusted to obtain PaCO2 of 40
to 45 mm Hg and fraction of inspired
oxygen (FIO2) was adjusted to obtain
PaO2 of 90 mm Hg or greater. The vi-
ability of lungs was assessed at the be-
ginning and at the end of the 6-hour ob-
servation period.3,14 The ratio of PaO2

to FIO2 and peak airway pressure at the
end of the 6-hour observation period
were reported to the organ procure-
ment organization.3,14 The officer of the
organ procurement organization was
not aware of patient allocation and was

not involved in the study. The officer
of the organ procurement organiza-
tion declared the potential donor as eli-
gible for harvesting of the lungs when
the ratio of PaO2 to FIO2 was 300 mm Hg
or greater, FIO2 was 1.0, and peak air-
way pressure was less than 30 cm
H2O.3,14 The officer of the organ pro-
curement organization then reported
the potential lung donor to the lung
transplant surgeon who, after examin-
ing the potential donor, made the fi-
nal decision on the suitability of the
lungs.

The surgeon was blinded to patient
allocation and was not otherwise in-
volved in the study. The reasons given
by the lung transplant surgeon not to
harvest lungs were prospectively clas-
sified as (1) lung donor issues (func-
tional lungs that at the moment of har-
vest no longer met oxygenation and
peak airway pressure criteria for eligi-
bility; infectious, clinical, radiologi-
cal, or laboratory manifestation of pul-
monary infection occurring after
diagnosis of brain death; or pulmo-
nary contusions observed during in-
spection of the lungs with the chest
open) and (2) lung recipient issues (do-
nor-recipient incompatibility, lack of
potential recipients matching size,
blood group, or human leukocyte an-
tigen compatibility; or logistical [in-
ability of the surgical team to proceed
in time for harvest, collection, and
transplantation]). The number of har-
vested hearts, livers, and kidneys in
both groups was recorded.

The primary outcome of the study
was the number of potential donors
meeting eligibility criteria for lung har-
vest at the end of the 6-hour observa-
tion period. Other clinical outcomes
were the number of lungs harvested and
the number of patients who received
lung transplants who were alive at 6
months.

Six-month survival also was re-
corded for patients who received other
organs harvested from the donors. Du-
ration of intensive care unit stay was re-
corded in lung transplant recipients.
Blood samples were collected at the be-
ginning and at the end of the 6-hour ob-
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servation period for measurements of
IL-1�, IL-1 receptor antagonist, IL-6,
IL-8, tumor necrosis factor, and tu-
mor necrosis factor receptors I and II.5

In a previous observational study,2

we found that 54% of potential lung do-
nors met eligibility criteria for lung do-
nation. Based on this, the study was
powered for 200 patients to demon-
strate a 25% absolute increase in eli-
gible lungs (from 50% to 75%), with a
5% risk of type I error, and a power level
of 90%. An interim analysis was
planned after data were obtained on the
first 100 patients. The stopping bound-
aries of the study were based on the pri-
mary end point and were designed to
allow termination of the study if the
protective strategy was better than
the conventional (control) strategy
(P�.003) or for futility (P�.03).19

All analyses were conducted on an
intention-to-treat basis. Data are pre-
sented as mean (SD) or median (inter-
quartile range [IQR]). Comparisons be-
tween groups and within groups were
made using the t test, the Wilcoxon
rank sum test, the �2 test, the Fisher ex-
act test, and the McNemar test. All tests
were 2-tailed. The primary outcome
also was evaluated using multivariate
logistic regression analyses. To exam-

ine the temporal effect across groups
during the 6-hour observation period,
relevant clinical variables were ana-
lyzed using a mixed-linear regression
model for repeated measures in which
each parameter was the dependent vari-
able, while time and group were the in-
dependent variables. The number
needed to treat to benefit also was es-
timated (ie, the number of patients with
brain death who had to be treated with
the protective strategy to obtain an ex-
tra lung donor who met acceptability
criteria). Results are reported as odds
ratios (ORs) with 95% confidence in-
tervals (CIs). To account for indi-
vidual hospital effects, the cumulative
OR was used as a measure of effect size
in a robust logistical regression model.
The level of statistical significance was
set at .05. Statistical analysis was con-
ducted using SAS software version 9.2
(SAS Institute Inc, Cary, North Caro-
lina).

RESULTS

The steering committee stopped the
Protective Ventilatory Strategy in Po-
tential Lung Donors Study before the
planned interim analysis was per-
formed because of termination of fund-
ing. The steering committee did not

have knowledge of the clinical out-
comes at the time this decision was
made.

Of the 918 potential organ donors re-
ported to the organ procurement orga-
nization, 118 patients were random-
ized and included in the final analysis.
Denied consent, legal issues, and car-
diac arrest were the reasons for exclud-
ing 355 patients (39%). The remain-
ing 445 patients (42%) were excluded
based on the standard criteria3 used to
identify nonoptimal lungs (FIGURE).
There were no missing data and no pa-
tients were lost to follow-up.

Baseline characteristics were simi-
lar in both groups (TABLE 1). After ran-
domization, ventilation with low tidal
volume was lower and respiratory rate,
PEEP, and central venous pressure were
higher in the protective strategy com-
pared with the conventional strategy.
The ratio of PaO2 to FIO2 was higher in
the protective strategy compared with
the conventional strategy at the third
and sixth hour of the observation pe-
riod (TABLE 2).

At study enrollment, the number of
patients who met eligibility criteria did
not differ between the conventional
strategy and the protective strategy. At
the end of the 6-hour period, the
number of patients meeting lung
donor eligibility criteria decreased
in the conventional strategy from
49 (83%) to 32 patients (54%) (differ-
ence of 29% [95% CI, 12% to 46%];
P = .001). The number of patients
meeting lung donor eligibility criteria
at the end of the 6-hour period
increased slightly in the protective
strategy from 51 (86%) to 56 patients
(95%) (difference of 9% [95% CI,
−2.1% to 19.1%], P=.13). The number
of patients in the conventional strategy
who met lung donor eligibility criteria
at the end of the 6-hour observation
period was 32 (54%) compared with
56 (95%) in the protective strategy
(difference of 41% [95% CI, 26.5% to
54.8%]; P�.001) (TABLE 3). The
number of patients in whom lungs
were harvested was 16 (27%) in the
conventional strategy compared with
32 (54%) in the protective strategy

Figure. Assessment of Eligibility and Inclusion in the Protective Ventilatory Strategy
in Potential Lung Donors Study

59 Included in primary analysis 59 Included in primary analysis

59 Completed assessment at end
of 6-h observation period

59 Completed assessment at end
of 6-h observation period

118 Randomized

918 Patients assessed for lung donor eligibility

59 Randomized to receive conventional
ventilatory strategy
59 Received intervention as randomized

59 Randomized to receive protective
ventilatory strategy
59 Received intervention as randomized

800 Excluded
247 Denied consent for organ donation

91 Had pending legal issues
58 Had history of smoking
50 Had aspiration pneumonia or purulent secretions
48 Had asthma or chronic obstructive pulmonary disease
46 Had chest trauma or previous thoracic surgery
29 Presence of infiltrates on chest x-ray
21 Duration of mechanical ventilation >5 d
17 Had cardiac arrest

193 Aged <18 y or >65 y
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(difference of 27% [95% CI, 10.0% to
44.5%]; P=.004).

Multivariate and regression logistic
analyses showed that eligibility at the
end of the 6-hour observation period
was associated with the protective
strategy (OR, 25.4 [95% CI, 5.6-
114.6]; P=.001) and with use of vaso-
active drugs at randomization (OR,
4.3 [95% CI, 1.2-16.0]; P=.02). The
number needed to treat to benefit was
3.0 (95% CI, 1.8-3.7). Sixteen patients
(50%) in the conventional strategy
compared with 24 patients (43%) in
the protective strategy (difference of
7% [95% CI, 0%-29.3%]; P=.52) met
lung donor eligibility criteria at the
end of the 6-hour observation period
but their lungs were rejected by the
surgeon for subsequent transplanta-
tion (Table 3). We did not find any
individual hospital effect when cumu-
lative OR was used as a measure of
effect size in a robust logistical regres-
sion model.

The number of patients classified as
not meeting eligibility criteria by the
blinded officer of the organ procure-
ment organization was 27 in the con-
ventional strategy and 3 in the protec-
tive strategy at the end of the eligibility
test, which lasted a median of 38 min-
utes (IQR, 25 to 40 minutes). Patients
had a ratio of PaO2 to FIO2 of 208 (83)
in the conventional strategy and 224
(47) in the protective strategy (differ-
ence of proportion, 16; 95% CI, −86 to
116) and a peak airway pressure of 31
(5) cm H2O in the conventional strat-
egy and 34 (6) cm H2O in the protec-
tive strategy (difference of propor-
tion, 3; 95% CI, −2.9 to 9.1).

The number of patients classified as
meeting eligibility criteria by the
blinded officer of the organ procure-
ment organization was 32 in the con-
ventional strategy and 56 in the pro-
tective strategy at the end of the
eligibility test, which lasted a median
of 33 minutes (IQR, 20 to 43 min-
utes). Patients had a ratio of PaO2 to FIO2

of 454 (76) in the conventional strat-
egy and 491 (115) in the protective
strategy (difference of proportion, 37;
95% CI, −8 to 82) and a peak airway

pressure of 26 (4) cm H2O in the con-
ventional group and 25 (4) cm H2O in
the protective group (difference of pro-
portion, 1; 95% CI, −0.5 to 3.2). None
of these differences was statistically sig-
nificant.

The median length of mechanical
ventilation from the end of the 6-hour
observation period to the moment of or-
gan harvest was 6 hours (IQR, 3-16
hours) in the conventional strategy and
4 hours (IQR, 3-18 hours) in the pro-
tective strategy. During this period, the
ventilator settings selected at random-
ization were maintained for all pa-
tients.

The median intensive care unit
length of stay for patients who re-
ceived lungs from donors in the con-
ventional strategy was 12 days (IQR, 1
to 100 days) compared with 8 days
(IQR, 2 to 100 days) for patients who
received lungs from donors in the pro-
tective strategy. The 6-month survival
rate was 69% (11/16) for patients who
received lungs from donors in the con-
ventional strategy compared with 75%
(24/32) for patients who received lungs
from donors in the protective strategy
(difference of 6%; 95% CI, −22% to
32%). The number of other organs har-
vested did not differ between the con-

Table 1. Patient Characteristics at Enrollment

Ventilatory Strategy

Conventional
(n = 59)

Protective
(n = 59)

Age, mean (SD), y 45 (13) 42 (13)

Female sex, No. (%) 27 (46) 34 (58)

Primary diagnosis, No. (%)
Traumatic brain injury 17 (29) 12 (20)

Cerebrovascular hemorrhagic accident 37 (63) 45 (76)

Othera 5 (8) 2 (3)

Duration of mechanical ventilation prior to randomization,
median (IQR), h

38 (6-120) 34 (2-120)

Ventilatory pattern, mean (SD)
FIO2 45 (12) 44 (11)

Tidal volume, mL/kg of predicted body weight 9.3 (1.5) 9.0 (1.6)

Respiratory rate, breaths/min 13 (3) 13 (2)

PEEP, cm H2O 4.3 (2.9) 5.0 (2.8)

Peak inspiratory pressure, cm H2O 21 (5) 22 (4)

Plateau pressure, cm H2O 16 (3) 16 (4)

Minute ventilation, L/min 7.2 (1.9) 7.0 (1.7)

Ratio of PaO2 to FIO2 393 (144) 400 (124)

Arterial blood gases, mean (SD)
PaO2, mm Hg 171 (112) 173 (74)

SaO2, % 98 (2) 99 (1)

PaCO2, mm Hg 36 (5) 36 (6)

Arterial pH 7.44 (0.07) 7.43 (0.07)

Hemodynamic variables, mean (SD)
Mean arterial pressure, mm Hg 84 (16) 83 (16)

Central venous pressure, mm Hg 6.4 (2.9) 7.5 (2.8)

Vasoactive drug use 47 (80) 47 (80)

Concomitant treatmentb

Dopamine, median (IQR), µg/kg/min 7.5 (1-15) 6.5 (0.9-17)

Norepinephrine, median (IQR), µg/kg/min 0.13 (0.02-0.25) 0.16 (0.02-0.30)

Prednisolone, No. (%) 10 (17) 12 (20)

Triiodothyronine or thyroxine, No. (%) 9 (15) 8 (14)

Vasopressin, No. (%) 2 (3) 1 (2)
Abbreviations: FIO2, fraction of inspired oxygen; IQR, interquartile range; PEEP, positive end-expiratory pressure; SaO2, ar-

terial oxygen saturation.
aSuch as for ischemic stroke.
bEighteen patients in each group received dopamine and norepinephrine in combination.
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ventional strategy and the protective
strategy (hearts: 25 [42%] vs 28 [47%],
respectively, difference of 5% [95% CI,
−13% to 23%]; livers: 48 [81%] vs 52
[88%], difference of 7% [95% CI, −6.4%
to 19.9%]; kidneys: 83 [70%] vs 94
[80%], difference of 10% [95% CI,
−1.8% to 20.4%]). Six-month survival
did not differ between patients who re-
ceived other organs from donors in the
conventional strategy and the protec-
tive strategy (hearts: 70% vs 80%, re-
spectively, difference of 10% [95% CI,
−15% to 36%); liver: 94% vs 94% dif-
ference of 0% [95% CI, −0.11% to
0.08%]; kidneys: 95% vs 94%, differ-
ence of 1% [95% CI, −0.06% to 0.07%]).

Blood samples were obtained in 20
patients in the conventional strategy
and in 17 patients in the protective
strategy. Cytokine concentrations at
baseline were similar in both groups
(TABLE 4). A significant increase over
time in IL-6 and tumor necrosis factor
receptors was observed in the conven-
tional group (P�.01), but not in the
protective group; all other measured
cytokines did not change over time.

COMMENT
This study demonstrates that a lung
protective strategy in potential organ
donors resulted in a higher number of
eligible donors and harvested lungs
compared with a conventional strat-
egy. Of importance, the number of har-
vested hearts, livers, and kidneys did
not differ between the conventional and
protective strategies.

An interim analysis, performed by an
independent data and safety monitor-
ing board was planned after data were
obtained on the first 100 patients. The
steering committee, however, stopped
the trial prior to the planned interim
analysis because accrual had been slow,
and all of the funding for the trial had
been spent.

Patient No. 100 was randomized on
September 30, 2008. The steering com-
mittee met to decide whether to ask the
data and safety monitoring board to per-
form the interim analysis as planned by
the statistical analysis plan or stop ac-
crual and analyze all included patients
as the final data set. Because supple-
mentary funds had been requested, the

steering committee was unsure whether
the study would proceed. It was de-
cided to maintain the planned interim
analysis to avoid the potential loss of
� level and continue recruitment until
responses from grant agencies were re-
leased (expected by spring 2009). On
May 30, 2009, the steering committee
was informed that sufficient extra funds
to complete the study would not be pro-
vided. The steering committee de-
cided (1) to halt the study and stop ran-
domization, (2) to lock the database
with patient No. 118 as the last pa-
tient (randomized on May 26, 2009),
and (3) to analyze the data using the
criteria that were prespecified for the
final analysis. Of note, if the formal in-
terim analysis had been performed, the
data and safety monitoring board mem-
bers may have stopped the trial at that
point because the results crossed the
predefined threshold for stopping for
efficacy.

Early stopping for efficacy of ran-
domized controlled trials may inflate
the estimated treatment effect.20 We be-
lieve this issue may not be relevant in

Table 2. Ventilatory and Hemodynamic Variables During the 6 Hours of Treatment

Duration of Treatment and Ventilatory Strategy

First Hour Third Hour Sixth Hour

Conventional
(n = 59)

Protective
(n = 59)

Conventional
(n = 59)

Protective
(n = 59)

Conventional
(n = 59)

Protective
(n = 59)

Ventilatory variables, mean (SD)
FIO2 47 (17) 42 (7) 48 (18) 44 (12) 50 (19) 44 (11)

Tidal volume, mL/kg of predicted body weight 10.1 (1.6) 7.9 (1.1)a 10.1 (1.6) 7.8 (1.0) 10.1 (1.7) 7.8 (1.0)

Respiratory rate, breaths/min 11 (2) 13 (3)a 11 (2) 14 (3) 11 (2) 14 (3)

PEEP, cm H2O 4.2 (1.6) 8.7 (1.4)a 4.4 (1.5) 9.0 (1.4) 4.3 (1.6) 9.2 (1.8)

Peak inspiratory pressure, cm H2O 22 (5) 23 (5) 23 (5) 23 (4) 22 (5) 23 (5)

Plateau pressure, cm H2O 16 (4) 17 (4) 17 (4) 17 (3) 17 (4) 18 (4)

Minute ventilation, L/min 6.9 (1.5) 6.5 (1.7) 6.8 (1.8) 6.6 (1.8) 6.8 (1.7) 6.7 (1.9)

Ratio of PaO2 to FIO2 360 (120) 402 (118) 342 (126) 402 (129)b 332 (170) 396 (107)b

Blood gas analysis, mean (SD)
PaO2, mm Hg 164 (72) 166 (54) 165 (92) 176 (72) 156 (84) 169 (49)

SaO2, % 99 (1) 99 (1) 98 (3) 99 (1) 98 (2) 99 (1)

PaCO2, mm Hg 39 (7) 39 (6) 41 (8) 42 (5) 42 (10) 41 (5)

Arterial pH 7.42 (0.06) 7.41 (0.07) 7.41 (0.07) 7.39 (0.07) 7.40 (0.07) 7.39 (0.09)

Hemodynamic variables
Mean arterial pressure, mean (SD), mm Hg 83 (14) 84 (15) 84 (15) 83 (14) 82 (16) 86 (17)

Central venous pressure, mean (SD), mm Hg 7.0 (2.7) 8.3 (2.9)b 6.5 (2.8) 8.2 (3.2) 7.0 (2.8) 8.5 (2.8)

Vasoactive drug use, No. (%) 49 (83) 47 (80) 49 (83) 46 (78) 50 (85) 44 (75)
Abbreviations: FIO2, fraction of inspired oxygen; PEEP, positive end-expiratory pressure; SaO2, arterial oxygen saturation.
aP�.001 for comparison with conventional ventilatory strategy.
bP�.05 for comparison with conventional ventilatory strategy using mixed-model linear regression for repeated measures.
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the interpretation of our trial because
the decision to stop early was made
prior to the unblinding of outcomes by
study group and before transmitting the
data to the data and safety monitoring
board.

In any randomized controlled trial,
it is important to ensure that the con-
trol group represents a standard of care.
We ensured this by basing the control
strategy on a consensus conference rec-
ommendation that potential lung do-
nors be ventilated with low tidal vol-
umes of 10 to 12 mL/kg of measured
body weight using a PEEP of 5 cm H2O.9

In addition, prior to the current trial,
we performed an observational study2

that confirmed that the ventilatory strat-
egy used after declaration of brain death
was similar to these published recom-
mendations. Despite a review article10

and an observational study11 suggest-
ing that potential lung donors should
be ventilated with low tidal volumes of
8 to 10 mL/kg of predicted body weight,
guidelines for the management of po-
tential organ donors still recommend
ventilation with low tidal volumes of
10 to 15 mL/kg of measured body
weight and PEEP of 5 cm H2O.12,13

These discrepancies persist because
there has been no high-grade evi-
dence demonstrating the superiority of
any specific strategy for potential lung
donors.10,21

By their nature, the study interven-
tions could not be blinded. To mini-
mize potential bias, we assessed lung
viability using well-accepted cutoffs for
ratio of PaO2 to FIO2 and peak airway
pressure obtained during fixed venti-

lator settings.3,14 These values were
communicated to the organ procure-
ment organizations, who then in-
formed the transplant surgeon. The fi-
nal decision to proceed to lung harvest
was made by the transplant surgeon af-
ter examining the potential donor.
Members of the organ procurement or-
ganization and surgeons were blinded
to study group and not otherwise in-
volved in the study.

All 918 consecutive patients diag-
nosed as having brain death were as-
sessed for inclusion in the study. How-
ever, 39% were excluded for denied
consent, legal issues, and cardiac ar-
rest and 42% were excluded based on
published criteria that identified noni-
deal lungs (Figure).3 Similarly to other
cl inical multiorgan donor pro-
grams,1,3 our randomized cohort rep-

resented 13% of eligible patients. It
should be noted that transplant pro-
grams participating in the present study
did not allow marginal donors (ie, pa-
tients whose lungs had relative contra-
indications such as age, smoking his-
tory, contusion, prolonged mechanical
ventilation, etc).22

Recent findings suggest that deterio-
ration of lung function may be due to
mechanisms directly related to brain
death.23,24 We hypothesized that ven-
tilation with low tidal volumes and
higher PEEP levels would prevent the
deterioration of lung function associ-
ated with brain death.25 A number of
lines of evidence support this hypoth-
esis and the hypothesis that a lung pro-
tective strategy will decrease lung in-
jury. First, animal data demonstrate that
massive brain injury predisposes the

Table 3. End Points by Conventional and Protective Ventilatory Strategies

Ventilatory Strategy, No. (%)
Difference of
Percentage

(95% CI)
Conventional

(n = 59)
Protective

(n = 59)

Met lung donor eligibility criteria
At study inclusion 49 (83) 51 (86) 3 (−4.0 to 24.4)

6 h after randomization 32 (54)a 56 (95)b 41 (26.5 to 54.8)

Lungs harvested
Yes 16 (27) 32 (54)c 27 (10.0 to 44.5)

No 16/32 (50)d 24/56 (43)d 7 (0 to 29.3)

Reasons lungs not harvested
Functional 4 (25) 7 (29)

Infectious 3 (19) 4 (17)

Inspection 3 (19) 5 (21)

Donor-recepient incompatibility 4 (25) 5 (21)

Logistical 2 (12) 3 (12)
Abbreviation: CI, confidence interval.
aP�.001 using the McNemar test at study inclusion compared with 6 hours after randomization.
bP=.001 for comparison with conventional ventilatory strategy using the Fisher exact test.
cP=.004 for comparison with conventional ventilatory strategy using the �2 test.
dValues expressed as number/total (percentage).

Table 4. Cytokines in the Conventional and Protective Ventilatory Strategies

Conventional Ventilatory Strategy Protective Ventilatory Strategy

At Baseline
(n = 20)

At Sixth Hour
(n = 20)

At Baseline
(n = 17)

At Sixth Hour
(n = 17)

Plasma concentration, median (interquartile range), pg/mL
IL-1� 0.24 (0.01-1.28) 0.52 (0.01-2.18) 0.35 (0.01-0.84) 0.28 (0.01-0.73)

IL-1 receptor antagonist 129 (97-686) 158 (84-562) 133 (71-672) 48 (7-539)

IL-8 17 (0.49-72) 18 (8-117) 16 (0.01-77) 14 (0.01-56)

IL-6 407 (31-3138) 1025 (282-4716)a 158 (13-3622) 259 (21-2620)

Tumor necrosis factor (TNF) 1.40 (0.10-22.0) 1.0 (0.10-15.0) 1.0 (0.01-15) 1.0 (0.01-14)

TNF receptor I 2571 (1083-5426) 4105 (3001-63 351)a 2381 (923-4266) 2625 (1368-5185)

TNF receptor II 5245 (2011-10 632) 8889 (6064-19 323)a 4359 (2480-9673) 5187 (2392-9612)
aP�.05 for comparison with baseline using paired t test on log10-transformed values.
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lung to ventilator-induced lung in-
jury.26 Second, application of a protec-
tive ventilatory strategy in an experi-
mental model improved lung function
after lung transplantation.27 Third, ob-
servational studies demonstrated that
ventilation with higher tidal volumes
was an independent contributing fac-
tor for subsequent development of acute
lung injury in patients with acute brain
injury.6 Fourth, protective lung strat-
egies in patients with relatively nor-
mal lungs decreased subsequent devel-
opment of lung injury.8 Our results are
in accord with these lines of evidence.

Prior to randomization, the num-
ber of patients who matched eligibil-
ity criteria did not differ between the
conventional and protective strate-
gies. At the end of the 6-hour period,
the number of patients meeting lung eli-
gibility criteria significantly decreased
in the conventional strategy while they
increased slightly in the protective strat-
egy.

Our multifaceted lung protective in-
tervention addressed 4 factors we hy-
pothesized might affect lung preserva-
tion. We used ventilation with low tidal
volumes, which improved outcomes in
patients with acute lung injury,7 and de-
creased the development of acute lung
injury.8 To prevent atelectasis, we used
higher levels of PEEP, performed ap-
nea tests using continuous positive air-
way pressure,17 used a closed system for
tracheal suctioning,16 and used recruit-
ment maneuvers after any disconnec-
tion from the ventilator.18

Which of these factors specifically
improved respiratory functions is not
certain. Ventilation with low tidal vol-
umes of 10 to 12 mL/kg of predicted
body weight may overstretch normal
lungs in the presence of markedly de-
creased pulmonary compliance, which
occurs in patients with severe acute
lung injury.7 However, peak pressure
and end-inspiratory plateau pressure
ranged between 12 and 20 cm H2O in
both groups, values that are substan-
tially lower than the recommended up-
per limit of 30 cm H2O.28 Under these
circumstances, prevention of alveolar
overstretch likely does not explain the

improvement of lung function ob-
served in the protective strategy. On the
other hand, recruitment of collapsed al-
veoli (obtained by application of re-
cruitment maneuvers), prevention of
end-expiratory collapse (obtained by
the use of continuous positive airway
pressure during the apnea test and of
closed suctioning circuit), and main-
tenance of recruited alveoli (using
higher levels of PEEP) may have pre-
vented the pulmonary damage caused
by ventilation at low tidal volumes.5,29

In conclusion, our results suggest
that the use of a lung protective strat-
egy prevents the decline of pulmonary
function consequent to brain death and
roughly doubled the number of lungs
available for transplantation.
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He only has known the full joy of living who some-
where and at some time has struck a decisive blow for
the freedom of the human spirit.

—Walter Lippmann (1889-1974)
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