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Rationale: Experimental data suggest that manipulation of alveolar
fluid clearance with B-agonists can accelerate the resolution of alve-
olar edema and improve survival.

Objective: To determine if a sustained infusion of intravenous salbu-
tamol (albuterol) would accelerate the resolution of alveolar edema
in adult patients with acute lung injury (ALI) or acute respiratory
distress syndrome (ARDS).

Methods: This was a single-center, double-blind, randomized con-
trolled trial. Patients with ALI/ARDS were randomized to treatment
with intravenous salbutamol (15 pg kg=' h™") or placebo for 7 d.
The primary endpoint was extravascular lung water measured by
thermodilution (PiCCO) at Day 7.

Measurements and Main Results: Sixty-six patients were screened; of
these, 40 met the inclusion criteria and were enrolled during 2001-
2003. Patients in the salbutamol group had significantly lower lung
water at Day 7 than the placebo group (9.2 = 6 vs. 13.2 = 3ml kg™;
95% confidence interval difference, 0.2-8.3 ml kg™"; p = 0.038).
Plateau airway pressure was lower at Day 7 in the salbutamol group
(23.9 = 3.8 cm H,0) versus placebo (29.5 = 7.2 cm H,0; p = 0.049).
There was a trend toward lower Murray lung injury score at Day 7
in the salbutamol group (1.7 = 0.9) versus placebo (2.0 = 0.6; p =
0.2). Patients in the salbutamol group had a higher incidence of
supraventricular arrhythmias (26 vs. 10%; p = 0.2).

Conclusion: Although further research is required to confirm the
efficacy and safety of intravenous salbutamol in ALI/ARDS, this trial
provides the first proof of principle that, in humans with ALI/ARDS,
sustained treatment with intravenous B-agonists reduces extravas-
cular lung water.
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Acute lung injury (ALI) and acute respiratory distress syndrome
(ARDS) remain major causes of respiratory failure in critically
ill patients (1). Pathophysiologically, ARDS is characterized by
inflammatory damage to the alveolar—capillary barrier, leading
to the outpouring of proteinaceous fluid into the alveolar space.
This leads to the development of noncardiogenic pulmonary
edema, which impairs gas exchange, causing refractory hypo-
xemia and in most cases the need for mechanical ventilation (2).

The resolution of edema from the alveolar space is critical
to the recovery from ALI/ARDS. Early resolution is associated
with more rapid improvement of lung injury, reduced duration
of ventilation, and improved survival (3, 4). The clearance of
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edema fluid is dependent on the balance between edema for-
mation and reabsorption processes. Edema formation is gov-
erned by Starling forces and the integrity of the alveolar—
capillary barrier, whereas fluid reabsorption is dependent on the
active transport of sodium and electrolytes, which drives water
reabsorption (5).

The potential to manipulate endogenous alveolar fluid clear-
ance mechanisms in patients with ALI or ARDS has been the
focus of much interest recently (6-8). Experimental studies in
ex vivo human lung have demonstrated that B-agonists can accel-
erate the rate of alveolar fluid clearance (9, 10). The mechanism
underlying increased alveolar fluid clearance is proposed to be
due to an increase in intracellular cyclic adenosine monophos-
phate (cAMP), resulting in increased sodium transport across
alveolar type II cells through up-regulation of the apical sodium
and chloride pathways and Na*/K* ATPase. 3-Agonists may
also reduce alveolar—capillary permeability, thereby reducing
edema formation (11). Hyperoxia-induced lung injury in B,
knockout mice results in increased lung water and worse sur-
vival than that in wild-type control animals. This is reversed by
adenoviral-mediated transfer of cDNA for the 8,-receptor, con-
firming a central role for B,-receptor signaling in the resolution
of pulmonary edema and recovery from ALI/ARDS (12). A
randomized placebo-controlled clinical trial using inhaled sal-
meterol, a long-acting B,-agonist, in volunteers who were known
to be at risk of high-altitude pulmonary edema (HAPE) reduced
the incidence of HAPE (13). On the basis of these experimental
data, augmentation of alveolar epithelial fluid clearance with
Br-agonists seems possible, which could potentially accelerate
resolution of pulmonary edema and improve outcome in ALI/
ARDS.

The aim of this study was to investigate the safety, tolerability,
and efficacy of a sustained infusion of the intravenous 3,-agonist
salbutamol (albuterol) to accelerate the resolution of pulmonary
edema in adult patients with ALI or ARDS. Some of the results
of these studies have been previously reported in the form of
an abstracts (14, 15).

METHODS

Participants and Setting

Mechanically ventilated adults at Heartlands Hospital, Birmingham,
United Kingdom, within 48 h of the onset ALI or ARDS were eligible
for inclusion. The study took place between January 2001 and December
2003. ALI and ARDS were defined according to the consensus confer-
ence definition (16). The exclusion criteria were as follows: age younger
than 18 yr, participation in other intervention trials, severe obstructive
airway disease requiring nebulized or intravenous {3,-agonist, treatment
with B-blockers within 48 h, neutrophil count of less than 0.3 X 10° L,
brainstem death, treatment withdrawal within 24 h, immunosuppression
(steroids > 20 mg/d, chemotherapy or other immunosuppressive agents
within 2 wk), lobectomy/pneumonectomy, burns over more than 40%
of body surface area, or assent declined from the next of kin.

The study was approved by the East Birmingham Local Research
Ethics Committee.
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Study Design

This was a single-center, randomized, double-blind, placebo-controlled
clinical trial. Block randomization to salbutamol or placebo (1:1) was
performed in blocks of four by one of the authors (F.G.). During
the study, the size of blocks was unknown to the other investigators.
Allocations to treatment or placebo were concealed in opaque, sequen-
tially numbered, sealed envelopes. Enrollment and data collection were
performed by another author (G.D.P.). Drug preparation (intravenous
salbutamol, 0.2 mg ml™!, or 0.9% saline) was performed by nurses not
involved in the study. Infusions were started within 2 h of randomization
and run at 0.075 ml kg™! h™! (15 wg kg™! h™?) for 7 d. Our clinical
experience and a small pilot study demonstrated this was the highest
tolerable dose without significant arrhythmias. A safety protocol (see
online supplement) allowed dose adjustment if significant tachycardia
or arrhythmias were encountered.

Data Collection and Measurements

The gas exchange, organ failure, cause, and associated conditions
(GOCA ) stratification system was used to record the etiology and sever-
ity of lung injury (17). Intensive care unit mortality was predicted by
the Acute Physiology and Chronic Health Evaluation II (APACHE 1I)
and Simplified Acute Physiology Score II (SAPS II). These scores were
recorded as global markers of disease severity (18). The Murray lung
injury score (a composite variable that includes components of oxygen-
ation, compliance, positive end-expiratory pressure, and the appearance
of the chest radiograph) (19), Pao,:Flo, ratio, and sequential organ
failure assessment (SOFA) (20) scores were recorded daily for the first
7 d. Organ failure was defined by an SOFA score of 3 or more. Daily
measurement of hemodynamic variables, ventilation parameters, and
extravascular lung water (EVLW) was undertaken between 8:00 and
10:00 A.M. The number of ventilator-free days (number of days free
from ventilatory support [for > 48 h] in the first 28 d) (21) and survival
status at Day 28 were recorded.

EVLW was measured using the single-indicator transpulmonary
thermodilution system (PiCCO; Pulsion Medical Systems, Munich,
Germany). A 20-ml bolus of 0.9% saline at 4°C was injected via a central
venous catheter into the right atrium. The thermodilution curve was
recorded in the aorta and allowed calculation of intrathoracic blood
volume index and EVLW index. The average result from three 20-ml
bolus injections was used for each measurement. In our study, the
coefficient of variation for this system was less than 7% for all parameters.

Outcomes

The primary outcome measure was a reduction in EVLW in the salbuta-
mol group at Day 7. Secondary outcomes were lung injury score,
Pao,:Fio, ratio and plateau pressure at Day 7, and ventilator-free days
and survival at Day 28. Safety and tolerability were monitored by
recording ECG, hemodynamic, electrolyte, and acid-base balance.

Statistical Analysis

On the basis of previous data (22), the study was powered to detect a
30% difference in EVLW between patient treatment and control groups
with 80% power at a significance level of 0.05.

Data were analyzed on an intention-to-treat basis using SPSS for
Windows 10.0 (SPSS, Inc., Chicago, IL). Data were tested for normality
and analyzed by unpaired ¢ tests or Mann-Whitney U test. Data are
expressed as mean (SD) unless otherwise indicated. A x* or Fisher’s
exact test was used to compare proportions. A p value of 0.05 was
considered significant.

RESULTS

Sixty-six patients were identified during the screening process.
Forty of these patients fulfilled the criteria for inclusion in the
study; 26 patients were excluded. Twenty-five of these patients
were excluded because they met one or more of the exclusion
criteria; in one case, Assent was withheld by the patient’s next
of kin. Therefore, 40 patients were finally enrolled and treated.
Nineteen patients were randomized to treatment with intrave-
nous salbutamol and 21 patients were randomized to placebo. Two

patients died after enrollment but before the initiation of treatment
(one in each group). Patients were analyzed on an intention-to-
treat basis. The patient flow is summarized in Figure 1.

Patient Baseline Demographics

The baseline severity data and etiology of lung injury are summa-
rized in Tables 1 and 2. Patients in the two groups were well
matched in terms of the severity of lung injury (Pao,:Flo, ratio and
lung injury score) and the global severity of illness (APACHE II
and SAPS II scores). Patients in the salbutamol-treated group
were significantly older than those in the placebo group (mean
age, 68.7 = 16 vs. 57 = 14.7 yr; p = 0.021; 95% confidence
interval difference [CI diff], 1.8-21.5). There were no statistically
significant differences in the etiology of lung injury. However,
52% of the patients randomized to placebo had direct lung injury
compared with 16% in the salbutamol group. Lung injury related
to infection (pneumonia and sepsis) is associated with impaired
alveolar fluid clearance (3). The numbers of patients with lung
injury secondary to infection were similar (salbutamol group =
16, placebo group = 17; Fisher’s exact test, p = 0.6).

Primary Outcome

Patients in the salbutamol-treated group had significantly lower
lung water at Day 7 than the those in the placebo group (9.2 *
6 vs. 132 = 3 ml kg™}; 95% CI diff, 0.2-8.3 ml kg™%; p = 0.04;
Figure 2). Separation of the groups is seen from Day 2 through
to Day 7 (Figure 3). To allow for possible imbalances between
groups at baseline, an analysis of Day 7 EVLW stratified by
baseline levels was also performed. A treatment effect of 3.9 =
8.2 ml kg™! (95% CI, 0.01-7.8; p = 0.05) was present. To take
into account data from patients that died during the study, we
performed a secondary post hoc analysis, carrying the last re-
corded value of EVLW forward to Day 7. EVLW was still lower
in the treatment group compared with placebo (10.5 = 3.4 vs.
14.4 = 6.8; 95% CI diff, 0.5-7.33; p = 0.027). There were no
significant differences in cardiac index or pulmonary blood vol-
ume (Table 3), suggesting that salbutamol had a specific effect
on lung water rather than a nonspecific effect on pulmonary
blood flow or cardiac output. Medications with the potential to
manipulate alveolar edema were similar between the two groups.
Inotrope requirements (adrenaline and noradrenaline) were well
balanced throughout the study (Table 3). No patients received
dobutamine or dopexamine or other inotropic drugs. There was
no difference in the use of diuretics or glucocorticoids between
groups (data not shown). No patient received inhaled or nebu-
lized B-agonists.

Secondary Outcomes

There was a trend toward lower lung injury at Day 7 in the
salbutamol group (1.7 = 0.9) versus the placebo group (2.0 =
0.6; p = 0.2). The treatment effect was unchanged after adjust-
ment for baseline differences in lung injury score. Plateau airway
pressures were significantly reduced in the salbutamol group at
Day 7 (23.9 = 3.8 vs. 29.5 = 7.2 cm H,0; 95% CI diff, 0.2-11.2;
p = 0.049; Table 3). There was no difference in the Pa,:F1o, ratio
at Day 7 (salbutamol, 171 * 68, vs. placebo, 161 = 68 mm Hg;
p = 0.738), the organ-failure SOFA score (salbutamol median
[IQR], 10 [6-13], vs. placebo median [IQR], 11 [5-14]; p = 0.4),
the number of ventilator-free days (salbutamol, 6.2 = 8.9, vs.
placebo, 5.3 * 8.6 d; p = 0.6). There was no difference in 28-d
mortality in the salbutamol-treated group (58%) compared with
placebo (66%; p = 0.4).

Safety and Tolerability

Treatment was generally well tolerated. There was a trend toward
higher heart rates in the salbutamol group at Day 4 (103 * 22)
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eligibility n=66

Excluded n=26
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(exclusion criteria = 25)
(refused assent n=1)

Randomized n=40

Allocation to control group

n=21 n=19

Received allocated intervention (n=20)
Did not receive allocated intervention
(n=1, patient died before
commencement of infusion)

v

Lost to follow up n=0

v

Analyzed n=21
Excluded from analysis n=0

Analyzed n=19

versus placebo (88 = 16, p = 0.06) and Day 7 salbutamol (94 =
14) versus placebo (86 * 22; p = 0.3; Table 3). Nineteen patients
received intravenous salbutamol for a total of 2,148 h. During
these infusions, five patients developed new onset of supraven-
tricular tachycardia, which required adjustment of the dose of
salbutamol according to the safety protocol. These arrhythmias
did not cause significant hemodynamic compromise and were
short lived. In comparison, two patients in the placebo group
had similar problems (p = 0.2). No patients sustained serious
ventricular arrhythmias.

There were no substantial differences in electrolyte concen-
trations between salbutamol and placebo for potassium at Day 4
(41 £ 03 vs. 4.6 = 0.7 mmol L™, p = 0.03) or Day 7 (4.3 = 0.6
vs. 4.8 = 0.9 mmol L™%, p = 0.1), or magnesium at Day 4 (0.98
+02vs. 1.0 = 0.3 mmol L™, p = 0.9) or Day 7 (0.98 = 0.2 vs.
0.92 = 0.1 mmol L™%, p = 0.6; Table 3). Glycemic control was
similar between groups: Day 4 (salbutamol, 10.1 £ 5, vs. placebo,
83 = 2mmol L™} p = 0.5); Day 7 (7.0 = 2 vs. 8.5 = 2 mmol L™,

TABLE 1. BASELINE PATIENT DEMOGRAPHICS

Received allocated intervention (n=18)
Did not receive allocated intervention
(n=1, patient died before
commencement of infusion)

Lost to follow up n=0

Allocation to intervention group

Figure 1. Consort flow diagram showing participant
progress.

Excluded from analysis n=0

p = 0.4). There was no difference in acid-base balance: Day 4
(salbutamol H", 41 = 8, vs. placebo, 44 = 9 nmol L™}, p = 0.4),
Day 7 (37 = 9 vs. 38 = 6 nmol L™, p = 0.789); or lactate:
Day 4 20 = 1vs. 21 £ 1 mmol L', p = 0.4); Day 7 (1.7 =
0.6 vs. 1.9 = 1 mmol L™!, p = 0.9).

DISCUSSION

Despite focused attention on treatments for ALI/ARDS over the
last three decades, to date only a small number of pharmacologic
therapies have been shown to be efficacious (23). This random-
ized, double-blind, placebo-controlled trial provides the first
proof of principle that in humans with ALI/ARDS, sustained
treatment with an intravenous B,-agonist can reduce EVLW.
This was associated with a significant reduction in plateau airway
pressures and a trend toward improved lung injury.

Alveolar flooding leading to noncardiogenic pulmonary
edema is a common feature of ALI/ARDS, despite a wide variety

Parameter Salbutamol Placebo p Value 95% ClI
Age, yr 68.7 (16.0) 57.0 (14.7) 0.021 1.8-21.5
Pao :Fio, ratio, kPa 15.6 (6.6) 13.7 (4.9) 0.326
LIS 2.8(0.7) 3.0 (0.4) 0.447
APACHE I 24.9 (6.4) 22.5(6.5) 0.243
APACHE predicted mortality 51.8(19.1) 44.6 (20.4) 0.257
SAPS I 55.6 (15.1) 49.3 (14.7) 0.198
SAPS predicted mortality 56.7 (27.3) 49.3 (14.7) 0.204

Definition of abbreviations: APACHE Il = Acute Physiology and Chronic Health Evaluation II; CI = confidence interval; LIS =
Murray lung injury score; SAPS Il = Simplified Acute Physiology Score II.

Data are presented as mean and SD.
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TABLE 2. ETIOLOGY AND SEVERITY OF LUNG INJURY

Salbutamol Placebo
Parameter n (%) n (%) p Value
Gas exchange
PaoZ/Floz, kPa
26.8-40 1(5.3) 0 (0)
13.46-26.8 10 (52.6) 10 (47.6) 0.501
< 13.46 8 (42.1) 11 (52.4)
PEEP, cm H,O
0-5 7 (36.8) 4 (19)
6-10 7 (36.8) 10 (47.6) 0.453
> 10 5(26.3) 7 (33.3)
Organ failure
Lung + 1 organ 13 (68.4) 16 (76.2)
Lung + 2 organs 6 (31.6) 5(23.8) 0.442
Cause
Direct
Pneumonia 3(15.8) 9 (43)
Aspiration 0 (0) 2 (9.5)
Indirect
Sepsis 13 (68.4) 8 (38)
Trauma 1(5.3) 0 (0) 0.105
Transfusions 1(5.3) 2 (9.5)
Other 1(5.3) 0 (0)
Associated diseases
No coexisting diseases 13 (68.4) 16 (76.2)
Coexisting disease that will
cause death within 5 yr 6 (31.6) 5(23.8)
Coexisting disease that will
cause death within 6 mo 0 (0) 0 (0)

Definition of abbreviation: PEEP = positive end-expiratory pressure.

of different etiologies of lung injury (24). The reabsorption of
edema fluid from the alveolar space is critical in the resolution of
ALI/ARDS. Clinical studies in humans have shown that alveolar
fluid clearance mechanisms are impaired in most patients with
ALI/ARDS (3, 25) in contrast to patients with cardiogenic pul-
monary edema, where 75% have intact alveolar fluid clearance
(26). In a small study (n = 15), we previously reported that
patients who cleared EVLW early in the course of ALI/ARDS
had more rapid resolution of lung injury, a shorter duration of
ventilation, and improved survival (4). In a series of 79 patients
with ALI/ARDS, Ware and Matthay (3) found patients with
maximal alveolar fluid clearance (n = 10) had significantly better
hospital survival than patients with submaximal or impaired
fluid clearance. These data support the hypothesis that therapies

18 - P=0.7 P=0.04

0 7
n=21 n=19 n=11 n=9

Figure 2. Extravascular lung water (EVLW) at Day 7 is significantly
reduced in patients treated with intravenous salbutamol. Black bars,
placebo; gray bars, salbutamol. EVLWI = EVLW index. Data shown are
mean and SE.

targeted at accelerating alveolar fluid clearance may be of clinical
benefit to patients with ALI/ARDS.

The principal finding of this study was that patients treated
with intravenous salbutamol had significantly lower EVLW than
those in the placebo group at Day 7. The primary mechanism
through which B-agonists are believed to enhance alveolar fluid
clearance is through the up-regulation of sodium transport mech-
anisms located on the alveolar epithelial cells (5). However,
there are alternative or parallel mechanisms through which
B-agonists could also enhance fluid clearance. 3-Agonists are
pulmonary vasodilators and could have acted to reduce pulmo-
nary pressures, thereby reducing one of the driving forces for
edema formation (27, 28). However, there were no changes in
pulmonary blood volume measured by thermodilution between
groups, a finding that makes large changes in pulmonary hemo-
dynamics less likely. We did not, however, measure pulmonary
artery occlusion pressures, so we cannot rule out that the drug
may have acted at a microvascular level to reduce pulmonary
capillary pressures. In vitro (29, 30) and in vivo animal studies
in sheep (31) and rats (32, 33) have shown that B-agonists can
reduce endothelial permeability. These experimental findings
are supported by a small nonrandomized study in humans where
administration of intravenous terbutaline to 10 patients with
ARDS was associated with a significant reduction in lung vascu-
lar permeability (measured by radiolabeled transferrin) and im-
proved survival (11). The mechanism appears to be related to
inhibition of endothelial cell contraction and increased force
between endothelial cell tight junctions. Other effects of salbuta-
mol that could have indirectly reduced EVLW include modula-
tion of neutrophil activation, surfactant processing, and the in-
flammatory cascade (34).

In our patients, separation of the EVLW curves are not seen
until 48 h after the initiation of treatment. This was unexpected
because in animal and ex vivo human lungs, salbutamol increases
alveolar fluid clearance rates within a few hours of starting treat-
ment (33, 35). One possible explanation is that the alveolar
microenvironment, early in the course of ALI/ARDS, may re-
duce the ability of salbutamol to up-regulate alveolar fluid clear-
ance. Elevated reactive oxygen and nitrogen species within the
lung in the early stages of lung injury (36) can down-regulate
alveolar epithelial sodium transport by type II alveolar cells,
probably by damaging the apical epithelial sodium channels (37—
39). This observation is supported by clinical data that found a
correlation between alveolar fluid clearance rates and nitrate
and nitrite levels in edema fluid (40). Profound cellular hypoxia
is a potent inhibitor of alveolar fluid clearance in rats, although
the inhibitory effect of hypoxia could be reversed with supra-
physiologic doses of 3-agonists (41). Acidosis, attributed to tissue
hypoperfusion, is also associated with reduced alveolar fluid
clearance in humans (26). Apart from the alveolar milieu ad-
versely affecting fluid clearance, the extensive damage to the
alveolar epithelium barrier seen in postmortem studies of pa-
tients with ARDS (42) suggests ongoing alveolar flooding could
overcome any beneficial effect on fluid clearance (43, 44). The
delay in response observed could reflect the time taken for regen-
eration and repair of the damaged alveolar—capillary barrier.

Despite significant reductions in the amount of lung water
in the salbutamol-treated group, we found no improvement in
oxygenation as measured by the Pa, :Fio, ratio. The Acute Respi-
ratory Distress Syndrome Network (ARDSNet) study, investi-
gating low tidal volume ventilation, demonstrated a worsening
in oxygenation despite a significant improvement in survival in
the low tidal volume treatment arm (45). One possibility is that
because of the intrinsic high degree of variability of oxygenation
measures such as the Pa, :Fio, ratio, the study was underpowered
to detect a difference between groups. Alternatively, measurements
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(n=alive)

of oxygenation may be poor markers of resolution of lung injury.
It is possible that salbutamol, as a pulmonary vasodilator, inhib-
ited hypoxic pulmonary vasoconstriction, thereby increasing
shunt and overcoming a beneficial effect on oxygenation from
the reduction in alveolar edema. The finding that plateau airway
pressures were lower in the salbutamol treatment group is consis-
tent with the reduction in EVLW through an improvement in
pulmonary compliance.

This study has certain limitations. The mortality rate (60%)
is substantially higher than those reported in recent randomized
controlled trials (ARDSNet tidal volume study: treatment group

mortality, 31% [45]; surfactant study mortality, 34% [46]). How-
ever, the severity of illness measures (APACHE 11, SAPS II,
and SOFA) suggests that patients recruited to the present study
were sicker than those recruited to similar trials reported in the
literature. The actual mortality in the present study is concordant
with the mortalities predicted by APACHE II and SAPS II,
reflecting the severity of illness of our patients. This mortality
rate is consistent with the recent European multicenter epidemi-
ology and outcome study in ARDS, where mortality rates were
55%. The high mortality rate in the present study significantly
reduced the quantity of patient data that could be evaluated at

TABLE 3. HEMODYNAMIC VARIABLES, VENTILATOR PARAMETERS, AND OTHER CLINICAL PARAMETERS FOR SALBUTAMOL

AND PLACEBO GROUPS AT DAYS 0, 1, 4, AND 7

Day 0 Day 1 Day 4 Day 7

Placebo Treatment Placebo Treatment Placebo Treatment Placebo Treatment

(n=21) (n=19) (n=18) (n=18) (n=13) (n=11) (n=11) (n=29)
HR, min~' 105 (17) 102 (20) 98 (17) 109 (27) 88 (16) 103 (22) 86 (22) 94 (14)
SBP, mm Hg 131 (27) 125 (15) 127 (11) 134 (16) 133 (18) 131 (15) 136 (27) 136 (17)
Cl,Lmin"' m~2 4.5(1.2) 4.0 (1.3) 4.3 (1.4) 4.4 (1.1) 4.6 (0.7) 4.6 (1.2) 4.7 (1) 5.2(0.9)
PBV ml 337 (110) 370 (122) 322 (98) 263 (95) 347 (94) 359 (97) 326 (74) 387 (79)
Adrenaline, mg 24 in h 0 20 0 0 0 0 0 0

(0-109) (0-117) (0-109) (0-275) (0-186) 0) 0) 0)
Noradrenaline, mg in 24 h 59 232 246 259 105 105 0 0

(6-451) (38-636) (135-649) (32-546) (20-282) (0-413) (0-113) (0-89)
Daily fluid balance, L 2.1 (1.5) 1.7 (1.8) 1.7 (1.8) 2.8(1.7) 2.1(9) 0.2 (1.4) -0.3(1.2) -0.3 (1.4)
Pl airw, cm H,O 30 (7) 29 (7) 32 (8) 29 (8)* 30 (6) 24 (5)* 29 (4) 24 (7)*
Pao,: Fio, ratio, mm Hg 104 (38) 118 (46) 127 (46) 147 (53) 150 (46) 172 (53) 161 (68) 171 (68)
kPa 13.7. (5) 15.5 (6) 16.1 (6) 19.4 (7) 19.9 (6) 22.6 (7) 21.2 (9) 22.5(9)
LIS 2.9 (0.4) 2.8 (0.8) 3 (0.6) 2.6 (1) 2.5 (0.5) 2.2 (0.7) 2.0 (0.8) 1.7 (0.9)
SOFA 14 (11-17) 15 (12-17) 14 (12-17) 15 (13-16) 12 (9-17) 14 (12-17) 11 (5-14) 10 (6-13)

Definition of abbreviations: Cl = cardiac index; HR = heart rate; LIS = Murray lung injury score; PBV = pulmonary blood volume; Pl airw = plateau airway pressure;

SBP = systolic blood pressure; SOFA = sequential organ failure assessment.

Data are mean (SD) with the exception of adrenaline, noradrenaline, and SOFA, which are median (interquartile range).

*p < 0.05.
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the primary endpoint of Day 7. In retrospect, a larger patient
cohort should have been recruited to account for the number
of drop-outs before the study primary outcome measure. This
limitation was partially addressed by the post hoc analysis, where
the last recorded value of lung water was imputed forward to
Day 7. Despite this, we cannot rule out that we may not have
seen a significant effect on EVLW if all the patients had survived
until Day 7.

Although our finding of a reduction in EVLW is promising,
the study was not powered to detect a difference in mortality.
Observational data suggest that improvements in lung water are
associated with improved clinical outcomes (3, 4); however, this
needs to be confirmed in an appropriately powered randomized
controlled trial. The PiCCO thermodilution system is a useful
noninvasive tool for the assessment of EVLW. In animal models
of direct and indirect lung injury, it shows close agreement to
gravimetric measurements of lung water (47). However, its use
in patients with ARDS has certain limitations. The technique is
based on a number of theoretical assumptions and approxima-
tions. To our knowledge, no patients in the present study had
intracardiac shunts, valvular heart disease, or large abdominal
aortic aneurysms, which could lead to an underestimation of the
volume of lung water. Another important consideration is that
the volume of EVLW is dependent on pulmonary perfusion—the
greater the area of lung perfused, the greater the amount of
EVLW (48). We consider it unlikely that differences in pulmo-
nary perfusion influenced our results because cardiac output and
pulmonary blood volume were similar between groups. Further-
more, if salbutamol (as a pulmonary vasodilator) had influenced
pulmonary perfusion, it would have increased, rather than
reduced EVLW.

In the closely monitored environment of a critical care unit,
with strict adherence to the safety protocol, treatment with salbu-
tamol (15 pg kg™' h™') was tolerated without serious complica-
tions. However, the high incidence of arrythmias (26%) in the
salbutamol group, albeit in this study without significant hemody-
namic compromise, is a concern. Nebulized salbutamol or long-
acting B,-agonists are efficacious in animal models of ARDS (33)
and have less systemic side effects than intravenous formulations
(49). Since commencing this study, Atabai and coworkers (50)
have reported that nebulized albuterol can achieve clinically
relevant concentrations of the drug in the edema fluid of patients
with ARDS, and Sartori and colleagues (13) demonstrated the
efficacy of the inhaled route for the prevention of HAPE in
healthy volunteers. These promising findings support the need to
explore the efficacy of this route of administration for enhancing
alveolar fluid clearance in ARDS.

In conclusion, this double-blind, randomized, placebo-
controlled trial provides the first proof of principle that, in
humans with ARDS, sustained treatment with an intravenous
B-agonist reduces EVLW. This was associated with a reduction
in plateau airway pressure and a trend toward reduced lung
injury in the salbutamol-treated group. These findings support
the need for an appropriately powered multicenter clinical trial to
test the effect of salbutamol for improving clinical outcomes in
ALI/ARDS.

Confilict of Interest Statement: None of the authors have a financial relationship
with a commercial entity that has an interest in the subject of this manuscript.

References

1. Ashbaugh DG, Bigelow DB, Petty TL, Levine BE. Acute respiratory
distress in adults. Lancet 1967;2:319-323.

2. Wyncoll DL, Evans TW. Acute respiratory distress syndrome. Lancet
1999;354:497-501.

3. Ware LB, Matthay MA. Alveolar fluid clearance is impaired in the
majority of patients with acute lung injury and the acute respiratory
distress syndrome. Am J Respir Crit Care Med 2001;163:1376-1383.

4. Perkins GD, Giles SP, McAuley DF, Thickett DR, Gao F. Resolution
of pulmonary oedema predicts outcome in ARDS. Br J Anaesth
2003;92:621-622.

5. Matthay MA, Folkesson HG, Clerici C. Lung epithelial fluid transport
and the resolution of pulmonary edema. Physiol Rev 2002;82:569-600.

6. Matthay MA. Alveolar fluid clearance in patients with ARDS: does it
make a difference? Chest 2002;122:340S-343S.

7. Sartori C, Matthay MA. Alveolar epithelial fluid transport in acute lung
injury: new insights. Eur Respir J 2002;20:1299-1313.

8. Folkesson HG, Matthay MA. Therapeutic strategies to hasten the resolu-
tion of pulmonary edema. Crit Care Med 2003;31:1288-1289.

9. Sakuma T, Okaniwa G, Nakada T, Nishimura T, Fujimura S, Matthay
MA. Alveolar fluid clearance in the resected human lung. Am J Respir
Crit Care Med 1994;150:305-310.

10. Sakuma T, Suzuki S, Usuda K, Handa M, Okaniwa G, Nakada T, Fujimura
S, Matthay MA. Preservation of alveolar epithelial fluid transport
mechanisms in rewarmed human lung after severe hypothermia.
J Appl Physiol 1996;80:1681-1686.

11. Basran GS, Hardy JG, Woo SP, Ramasubramanian R, Byrne AJ. Beta-
2-adrenoceptor agonists as inhibitors of lung vascular permeability to
radiolabelled transferrin in the adult respiratory distress syndrome in
man. Eur J Nucl Med 1986;12:381-384.

12. Mutlu GM, Dumasius V, Burhop J, McShane PJ, Meng FJ, Welch L,
Dumasius A, Mohebahmadi N, Thakuria G, Hardiman K, e al. Upreg-
ulation of alveolar epithelial active Na+ transport is dependent on
beta2-adrenergic receptor signaling. Circ Res 2004;94:1091-1100.

13. Sartori C, Allemann Y, Duplain H, Lepori M, Egli M, Lipp E, Hutter D,
Turini P, Hugli O, Cook S, er al. Salmeterol for the prevention of
high-altitude pulmonary edema. N Engl J Med 2002;346:1631-1636.

14. Perkins GD, McAuley DF, Thickett DR, Gao F. The B-Agonist Lung
Injury Trial. Am J Respir Crit Care Med 2005;171:B13.

15. Perkins GD, McAuley DF, Thickett DR, Gao F. The Beta Agonist Lung
Injury Trial [abstract]. Thorax 2004;59:A1.

16. Bernard GR, Artigas A, Brigham KL, Carlet J, Falke K, Hudson L,
Lamy M, LeGall JR, Morris A, Spragg R. Report of the American-
European Consensus Conference on Acute Respiratory Distress Syn-
drome: definitions, mechanisms, relevant outcomes, and clinical trial
coordination. Consensus Committee. J Crit Care 1994;9:72-81.

17. Artigas A, Bernard GR, Carlet J, Dreyfuss D, Gattinoni L, Hudson L,
Lamy M, Marini JJ, Matthay MA, Pinsky MR, et al. The American-
European Consensus Conference on ARDS, part 2: ventilatory, phar-
macologic, supportive therapy, study design strategies, and issues re-
lated to recovery and remodeling. Am J Respir Crit Care Med 1998;157:
1332-1347.

18. Gunning K, Rowan K. ABC of intensive care: outcome data and scoring
systems. BMJ 1999;319:241-244.

19. Murray JF, Matthay MA, Luce JM, Flick MR. An expanded definition of
the adult respiratory distress syndrome. Am Rev Respir Dis 1988;138:
720-723.

20. Vincent JL, Moreno R, Takala J, Willatts S, De Mendonca A, Bruining H,
Reinhart CK, Suter PM, Thijs LG. The SOFA (Sepsis-related Organ
Failure Assessment) score to describe organ dysfunction/failure. On
behalf of the Working Group on Sepsis-Related Problems of the Euro-
pean Society of Intensive Care Medicine. Intensive Care Med 1996;
22:707-710.

21. Schoenfeld DA, Bernard GR. Statistical evaluation of ventilator-free
days as an efficacy measure in clinical trials of treatments for acute
respiratory distress syndrome. Crit Care Med 2002;30:1772-1777.

22. McAuley DF, Giles S, Fichter H, Perkins GD, Gao F. What is the optimal
duration of ventilation in the prone position in acute lung injury and
acute respiratory distress syndrome? Intensive Care Med 2002;28:414—
418.

23. Mclntyre RC, Pulido EJ, Bensard DD, Shames BD, Abraham E. Thirty
years of clinical trials in acute respiratory distress syndrome. Crit Care
Med 2000;28:3314-3331.

24. Ware LB, Matthay MA. The acute respiratory distress syndrome. N Engl
J Med 2000;342:1334-1349.

25. Matthay MA, Wiener-Kronish JP. Intact epithelial barrier function is
critical for the resolution of alveolar edema in humans. Am Rev Respir
Dis 1990;142:1250-1257.

26. Verghese GM, Ware LB, Matthay BA, Matthay MA. Alveolar epithelial
fluid transport and the resolution of clinically severe hydrostatic pul-
monary edema. J Appl Physiol 1999;87:1301-1312.



Perkins, McAuley, Thickett, et al.: BALTI Study

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

Bonsignore MR, Jerome EH, Culver PL, Dodek PM, Staub NC. Effects
of beta-adrenergic agents in lungs of normal and air-embolized awake
sheep. J Appl Physiol 1988;64:2647-2652.

Garcia-Delgado M, Colmenero-Ruiz M, Fernandez-Sacristan MA, Rus-
Mansilla C, Fernandez-Mondejar E. Effect of a catecholamine-induced
increase in cardiac output on extravascular lung water. Crit Care Med
2001;29:931-935.

Minnear FL, DeMichele MA, Leonhardt S, Andersen TT, Teitler M.
Isoproterenol antagonizes endothelial permeability induced by throm-
bin and thrombin receptor peptide. J Appl Physiol 1993;75:1171-1179.

Minnear FL, DeMichele MA, Moon DG, Rieder CL, Fenton JW. Isopro-
terenol reduces thrombin-induced pulmonary endothelial permeability
in vitro. Am J Physiol 1989;257:H1613-H1623.

Sigurdsson GH, Christenson JT. Influence of terbutaline on endotoxin-
induced lung injury. Circ Shock 1988;25:153-163.

Ding Z, Jiang M, Li S, Zhang Y. Vascular barrier-enhancing effect of
an endogenous beta-adrenergic agonist. Inflammation 1995;19:1-8.
McAuley DF, Frank JA, Fang X, Matthay MA. Clinically relevant con-
centrations of beta2-adrenergic agonists stimulate maximal cyclic
adenosine monophosphate-dependent airspace fluid clearance and de-
crease pulmonary edema in experimental acid-induced lung injury.

Crit Care Med 2004;32:1470-1476.

Perkins GD, McAuley DF, Richter A, Thickett DR, Gao F. Bench-
to-bedside review: beta2-Agonists and the acute respiratory distress
syndrome. Crit Care 2004;8:25-32.

Sakuma T, Folkesson HG, Suzuki S, Okaniwa G, Fujimura S, Matthay
MA. B-Adrenergic agonist stimulated alveolar fluid clearance in
ex vivo human and rat lungs. Am J Respir Crit Care Med 1997;155:506—
512.

Lamb NIJ, Gutteridge JM, Baker C, Evans TW, Quinlan GJ. Oxidative
damage to proteins of bronchoalveolar lavage fluid in patients with
acute respiratory distress syndrome: evidence for neutrophil-mediated
hydroxylation, nitration, and chlorination. Crit Care Med 1999;27:
1738-1744.

Hu P, Ischiropoulos H, Beckman JS, Matalon S. Peroxynitrite inhibition
of oxygen consumption and sodium transport in alveolar type II cells.
Am J Physiol 1994;266:L628-1.634.

Pittet JF, Lu LN, Morris DG, Modelska K, Welch WJ, Carey HV,
Roux J, Matthay MA. Reactive nitrogen species inhibit alveolar

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

287

epithelial fluid transport after hemorrhagic shock in rats. J Immunol
2001;166:6301-6310.

Modelska K, Matthay MA, Brown LA, Deutch E, Lu LN, Pittet JF.
Inhibition of beta-adrenergic-dependent alveolar epithelial clearance
by oxidant mechanisms after hemorrhagic shock. Am J Physiol
1999:;276:1.844-1.857.

Zhu S, Ware LB, Geiser T, Matthay MA, Matalon S. Increased levels
of nitrate and surfactant protein a nitration in the pulmonary edema
fluid of patients with acute lung injury. Am J Respir Crit Care Med
2001;163:166-172.

Vivona ML, Matthay M, Chabaud MB, Friedlander G, Clerici C. Hypoxia
reduces alveolar epithelial sodium and fluid transport in rats: reversal
by beta-adrenergic agonist treatment. Am J Respir Cell Mol Biol
2001;25:554-561.

Bachofen M, Weibel ER. Structural alterations of lung parenchyma in
the adult respiratory distress syndrome. Clin Chest Med 1982;3:35-56.

Berthiaume Y, Lesur O, Dagenais A. Treatment of adult respiratory
distress syndrome: plea for rescue therapy of the alveolar epithelium.
Thorax 1999;54:150-160.

Folkesson HG, Matthay MA, Hebert CA, Broaddus VC. Acid aspiration-
induced lung injury in rabbits is mediated by interleukin-8-dependent
mechanisms. J Clin Invest 1995;96:107-116.

Acute Respiratory Distress Syndrome Network. Ventilation with lower
tidal volumes as compared with traditional tidal volumes for acute
lung injury and the acute respiratory distress syndrome. N EnglJ Med
2000;342:1301-1308.

Spragg RG. Surfactant therapy in acute respiratory distress syndrome.
Biol Neonate 1998;74:15-20.

Katzenelson R, Perel A, Berkenstadt H, Preisman S, Kogan S, Sternik L,
Segal E. Accuracy of transpulmonary thermodilution versus gravimet-
ric measurement of extravascular lung water. Crit Care Med 2004;32:
1550-1554.

Schreiber T, Huter L, Schwarzkopf K, Schubert H, Preussler N, Bloos F,
Gaser E, Karzai W. Lung perfusion affects preload assessment and
lung water calculation with the transpulmonary double indicator
method. Intensive Care Med 2001;27:1814-1818.

Cheong B, Reynolds SR, Rajan G, Ward MJ. Intravenous beta agonist
in severe acute asthma. BMJ 1988;297:448-450.

Atabai K, Ware LB, Snider ME, Koch P, Daniel B, Nuckton TJ, Matthay
MA. Aerosolized beta(2)-adrenergic agonists achieve therapeutic lev-
els in the pulmonary edema fluid of ventilated patients with acute
respiratory failure. Intensive Care Med 2002;28:705-711.



