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Abstract
To study air space fluid clearance (AFC) under conditions that resemble the clinical setting of
pulmonary edema in patients, we developed a new perfused human lung preparation. We measured
AFC in 20 human lungs rejected for transplantation and determined the contribution of AFC to lung
fluid balance. AFC was then compared with air space and perfusate levels of a biological marker of
epithelial injury. The majority of human lungs rejected for transplant had intact basal (75%) and
β2-adrenergic agonist-stimulated (70%) AFC. For lungs with both basal and stimulated AFC, the
basal AFC rate was 19 ± 10%/h, and the β2-adrenergic-stimulated AFC rate was 43 ± 13%/h. Higher
rates of AFC were associated with less lung weight gain (Pearson coefficient −0.90, P < 0.0001).
Air space and perfusate levels of the type I pneumocyte marker receptor for advanced glycation end
products (RAGE) were threefold and sixfold higher, respectively, in lungs without basal AFC
compared with lungs with AFC (P < 0.05). These data show that preserved AFC is a critical
determinant of favorable lung fluid balance in the perfused human lung, raising the possibility that
β2-agonist therapy to increase edema fluid clearance may be of value for patients with acute lung
injury and pulmonary edema. Also, although additional studies are needed, a biological marker of
alveolar epithelial injury may be useful clinically in predicting preserved AFC.
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Postlung transplant reperfusion pulmonary edema is a form of acute lung injury that contributes
to early mortality in lung transplant patients (6-8,37). Acute lung injury is characterized by the
loss of alveolar epithelial barrier function, including increased permeability to protein and
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decreased fluid transport from the air spaces, resulting in pulmonary edema (6-8,37). Removal
of edema fluid from the air spaces, or distal air space fluid clearance (AFC), is dependent on
a transepithelial sodium concentration gradient established by basolateral sodium-potassium
ATPase (19,20). The basal rate of alveolar epithelial ion and fluid transport can be increased
by β2-adrenergic agonists (15,17,20,22). Edema fluid cleared from the distal air spaces into
the interstitial space is transported from the lungs primarily by direct absorption into the
pulmonary venous circulation, but also by pulmonary lymphatic drainage and clearance into
the pleural space (20,30). Lung fluid balance is the sum of edema formation and lung fluid
clearance.

Data from nonperfused human lungs obtained from donated organs rejected for transplant
(39) and from patients with lung cancer (24,26) have indicated that AFC rates in human lungs
are low in the absence of perfusion compared with rates in other species (rats and mice)
commonly used to study epithelial barrier function. In these previous animal studies, AFC was
comparable when measured during perfusion or in situ, in the absence of perfusion; however,
these measurements were made immediately upon cessation of perfusion with temperature
maintained at 37°C and without allowing the lungs to cool. The majority of these studies was
done in the absence of interstitial pulmonary edema. Before transplantation, human lungs are
preserved at 4°C for several hours. The effect of this period of cold preservation and rewarming
on AFC is uncertain. Our previously reported human lung studies of AFC have used
nonperfused lungs only (24,26,39). Variables such as interstitial pulmonary edema, the rate
and effectiveness of passive rewarming in a warm bath, and the surface area for fluid clearance
could potentially be affected by perfusion in ex vivo human lungs. Therefore, although
preserved epithelial fluid transport has been associated with increased survival among patients
with acute lung injury (38) and more rapid resolution of posttransplant reperfusion pulmonary
edema, the rate of basal and stimulated AFC in ex vivo human lungs has not been carefully
evaluated in the presence of perfusion. Furthermore, the utility of biological markers of alveolar
epithelial cell injury to predict the presence or absence of intact AFC in lungs being evaluated
for transplant is uncertain.

Therefore, we developed a new perfused human lung preparation to answer three questions.
First, does pulmonary vascular perfusion alter the rate of distal air space fluid transport in
human lungs? Second, what are the relative contributions of epithelial permeability to protein
and epithelial fluid transport to lung fluid balance in the perfused human lung? Third, is a
biological marker of alveolar epithelial injury associated with the rate of alveolar epithelial
fluid transport?

METHODS
Lung selection

Lungs from brain-dead organ donors that were rejected for transplantation by the Northern
California Transplant Donor Network were used for this study. After obtaining informed
consent from next-of-kin, lungs from 24 donors were removed en bloc, inflated, and transported
on ice to the research laboratory. Lungs were not perfused with preservation fluid before being
placed on ice. Inclusion of lungs in the study was random and was dependent on the availability
of the surgical team to procure the lungs and the availability of the research team. Lungs were
not included in this study if on arrival to the research laboratory there was gross rupture of the
visceral pleura or if the surgical preparation at procurement excluded the possibility of either
ventilation or pulmonary vascular perfusion. Demographic data were extracted from the
donors' charts.
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Preparation
The experimental preparation was done in a cold room (4°C) with the lungs on ice. The left
and right lungs were separated. The left pulmonary artery (PA) was cannulated by passing a
Foley catheter 2–3 cm into the surgical stump and securing it place with a purse-string suture.
The Foley catheter was connected to sterile peristaltic tubing filled with DME-H21 medium
containing 5% BSA. To measure PA pressure, a PA catheter (Cook) was passed through a side
port in the tubing and advanced to the end of the Foley catheter. The left main stem bronchus
was cannulated with a sterile 12-mm-diameter rigid plastic catheter. The lung preparation was
then weighed and suspended within a sealed acrylic container from a mass transducer (Harvard
Apparatus) (Fig. 1). The container was surrounded by a heated (38°C) water jacket, and the
bottom of the inner container served as a reservoir for the perfusate solution (900 ml). The
perfusion tubing was submerged in the perfusate reservoir, and perfusion with the warmed
perfusate was begun at a constant pressure of 15 cmH2O. The temperature of the perfusate at
the PA was held constant at 36°C. The pulmonary veins were not cannulated, and venous
drainage was passive. The temperature of the perfusate at the pulmonary vein was continuously
monitored with a digital thermometer. When the temperature of the venous drainage reached
36°C, the lungs were inflated with a continuous positive airway pressure of 10 cmH2O with
95% O2 and 5% CO2. PA pressure, airway pressure, and lung mass were continuously
monitored using a computer-integrated data acquisition system (Biopac, Santa Barbara, CA).
Perfusate flow rate was continuously monitored on the previously calibrated perfusion pump.
Pulmonary capillary pressure was determined every 30 min by extrapolation of the second
exponential phase of the postocclusion PA pressure toward the instant of occlusion as
previously described (13). Perfusate pH, PO2 and PCO2 tensions were measured with a blood
gas machine (Bayer RapidLab 248) every 30–60 min. After a stabilization period of 10–20
min, lung mass was recorded, and the experimental protocol was begun.

To further test the effect of perfusion on AFC in human lungs rejected for transplantation, four
lungs were studied with and without perfusion. The lung was passively rewarmed as previously
reported (26,36,39). Briefly, the lung was placed in a plastic bag and submerged in a 37°C
water bath for 2 h. During this period, the lung was gently inflated with 10 cmH2O. AFC was
then measured in one lung lobe as described below. The lung was then perfused as per the
protocol above, and the AFC measurement was repeated in a separate lung lobe.

Measurement of distal AFC
Distal AFC was measured as previously described (24) with slight modification (Fig. 2).
Briefly, following the stabilization period, a catheter (PE 240 tubing, BD) was passed through
a side port in the endobronchial tube into the lung and advanced until gentle resistance was
encountered. One-hundred fifty milliliters of warmed (36°C) normal saline containing 5% BSA
was instilled through the catheter into the air spaces to the lung. After 5 min (time 0) and 35
min (time 30 min), samples were removed through the catheter by gentle aspiration. At the
time 30 min time point, all easily aspirated air space fluid was removed from the lung (5–25
ml), the volume was removed, and change in lung mass was recorded. The change in
concentration of protein in the time 30 min compared with the time 0 min samples was used to
determine the volume of fluid cleared from the air spaces by the following equation: [distal
AFC (%/h) = 2(1 – Ci/Cf)], where Ci is the protein concentration of the time 0 sample and Cf
is the protein concentration of the time 30 min sample. Following collection of the time 30
min sample, a second catheter was placed into a separate subsegment of the lung, and 150 ml
of a solution of warmed saline with 5% BSA and 10−5 M terbutaline, a selective β2-adrenergic
agonist, were instilled into the lung. Samples were aspirated at 5 and 35 min, and β-adrenergic
agonist-stimulated AFC was determined. Basal AFC was the rate of fluid clearance measured
in the absence of β-adrenergic agonist; stimulated AFC was the rate of AFC measured with
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β-agonists. The term intact AFC describes the presence of basal AFC (>0%/h). Stimulated
AFC was defined as any increase in AFC with β-agonist.

Measurement of epithelial barrier albumin flux and lung fluid balance
Lung alveolar epithelial albumin flux was measured as previously described (11) with minor
modification. Briefly, 125I-labeled albumin (1 μCi) was added to the perfusate at the end of the
stabilization period. A sample of perfusate (0.5 ml) was collected after 5 min and at the end of
the entire protocol to coincide with collection of air space fluid from the final AFC
measurement. Radioactivity in the perfusate and air space was then compared with estimate
albumin flux using the following equation: [CtAS/(CtP/ml)]/VPI × 100, where CtAS is the
radioactivity in the aspirated air space fluid at the end of the protocol, CtP/ml is the radioactivity
per ml of perfusate averaged between the sample collected at 5 min and the sample collected
at the end of the protocol, and VPI is the initial volume of the perfusate. Lung fluid balance
was calculated as the net lung weight change over the course of the experimental protocol
beginning at the time of rewarming to the end of the protocol (Fig. 2).

Measurement of RAGE
Air space and perfusate levels of the alveolar epithelial protein receptor for advanced glycation
end products (RAGE) were measured with a specific ELISA as previously reported (14,33) in
a subset of nine lungs. Levels were measured in samples collected at baseline (time 0) and
every 30 min thereafter.

Statistical analysis
Comparisons between groups were made using unpaired t-tests. Comparisons of repeated
measures were made using paired t-tests. Nonparametric data were compared using the Mann-
Whitney U-test. Univariate and multivariable logistic regression was determined using SPSS
software. The multivariable model included AFC, albumin flux, and lung weight gain.

RESULTS
Donor demographics and procurement times

The lungs from 24 donors were used for these studies. Clinical demographic data are
summarized in Table 1. The reasons for rejection included bilateral chest radiograph
abnormalities (10), pneumonia (7), atelectasis (5), hypoxemia (3), pneumothorax (2),
pulmonary contusion (2), aspiration (1), pulmonary edema (1), hemoptysis (1), pleural
adhesions (1), emphysema (1), and hepatitis C virus infection (1). Lungs from three donors
met criteria for acute lung injury, and lungs from four donors met criteria for acute respiratory
distress syndrome (1). There was no significant association between the time of brain death to
organ procurement or the time from procurement to the experiment and alveolar fluid clearance
rates (r 2 = 0.03 and 0.02, respectively).

Distal AFC in perfused human lungs
Basal AFC and β-adrenergic-stimulated AFC were measured in 17 lungs. In seven lungs, only
basal AFC was studied. Of the lungs in which both basal and stimulated AFC were measured,
82% (14/17) had either basal or stimulated AFC, or both (Fig. 3). Of these, two had basal AFC
with no increase in the fluid clearance rate after terbutaline was added. Five lungs had no basal
AFC. Of these, two lungs demonstrated fluid clearance with terbutaline stimulation. Of the
lungs with measurable basal and stimulated fluid clearance (n = 10), the mean basal AFC rate
was 19 ± 10%/h, and the mean stimulated AFC was 43 ± 13%/h (P < 0.001) (Fig. 4). The mean
basal AFC rate for all of the lungs studied (n = 24) was 16%/h (95% confidence interval 11–

Frank et al. Page 4

Am J Physiol Lung Cell Mol Physiol. Author manuscript; available in PMC 2009 October 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



21%/h). The mean β-adrenergic-stimulated AFC for all of the lungs studied (n = 17) was 28%/
h (95% confidence interval 17–39%/h, P < 0.05 compared with basal AFC).

The effect of perfusion compared with passive rewarming on basal AFC
In four lungs, basal AFC was compared without and with perfusion. The lungs were passively
rewarmed using our previously reported protocol (26,36,39), and then AFC was measured in
one lobe. The lung was then perfused, and AFC was measured again in a separate lung lobe.
All four lungs had measurable AFC with both measurements. In each experiment, the AFC
rate was significantly greater with perfusion (Fig. 5).

Lung fluid balance
Alveolar epithelial albumin flux was measured in addition to basal and stimulated AFC in 10
lungs. There were no significant differences in pulmonary perfusion pressures, perfusate flow
rates, capillary pressure, perfusate pH, PCO2, or PO2 during the protocol between lungs with
and without basal AFC (Table 2). Maximal, β-agonist-stimulated AFC was inversely
associated with lung weight gain [a measure of pulmonary edema; Pearson coefficient −0.90,
P < 0.0001 (Fig. 6)]. Basal AFC was also associated with less lung weight gain (Pearson
coefficient −0.070, P < 0.02). Results were not different if the change in lung weight were
expressed as a percentage of the initial weight or as the absolute change in grams (not shown).
Stimulated AFC was also inversely associated with albumin flux, but the correlation did not
quite reach statistical significance (Pearson coefficient −0.65, P = 0.08). Multivariable logistic
regression analysis including stimulated AFC, lung weight gain, and alveolar epithelial
albumin flux revealed that AFC was inversely associated with lung weight gain and the
association was independent of albumin flux in the model [correlation coefficient −0.33, (±
−0.14), P < 0.005 for AFC and lung weight gain, and 0.24 (±0.53), P > 0.3 for AFC and albumin
flux]. This analysis indicates that for each additional 10-g increase in lung weight, the AFC
rate decreased by 3.3%.

Air space and perfusate levels of biological markers of alveolar epithelial injury
RAGE levels were measured in perfusate and air space samples from nine lungs. Baseline air
space levels of RAGE were nearly threefold higher in lungs without AFC (n = 3) than in lungs
with measurable AFC (n = 6) (P < 0.05) (Fig. 7). Perfusate levels of RAGE were also more
than sixfold higher at baseline in lungs without AFC (P < 0.0005) (Fig. 7). At the end of the
perfusion period, perfusate RAGE levels were more than 10-fold higher in lungs without intact
AFC (P < 0.05) (Fig. 7B). Air space levels of RAGE did not significantly change in either
group during the experimental protocol (not shown). There was a significant inverse
association between perfusate levels of RAGE and AFC rate (r 2 = 0.62, P = 0.01); however,
there was not a significant association between albumin flux and perfusate levels of RAGE
(r 2 = 0.28, P = 0.11). There was no significant association between the time from brain death
to organ procurement or the time from procurement to the experiment and perfusate RAGE
levels (r 2 = 0.15 and 0.05, respectively).

DISCUSSION
This perfused human lung model was developed to address three main objectives. The first
objective was to determine whether AFC could be measured in the presence of pulmonary
vascular perfusion in human lungs rejected for transplantation. Such a model would allow
future studies incorporating the delivery of test substances through the vasculature. The second
objective was to evaluate the contributions of epithelial fluid transport and epithelial protein
permeability to lung fluid balance in the model. The final objective was to determine whether
biological markers of alveolar epithelial injury were associated with alveolar epithelial fluid
transport rates in the perfused human lung model.

Frank et al. Page 5

Am J Physiol Lung Cell Mol Physiol. Author manuscript; available in PMC 2009 October 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Previous studies have found that most human lungs rejected for transplantation maintain
alveolar epithelial fluid transport capacity (39). However, the measured basal AFC rates in
these previous studies and in lung lobes resected from lung cancer patients were only 4%/h
(24-26,35,39). These previous studies were done in ex vivo lungs and lung segments in the
absence of pulmonary vascular perfusion that were preserved under hypothermic conditions
for at least 12–24 h. The present study confirmed that, in passively rewarmed lungs, AFC was
5 ± 2%/h in the absence of perfusion. Compared with nonperfused conditions, perfusion
resulted in markedly higher basal AFC rates (Fig. 5). Because vascular perfusion may affect
both AFC and pulmonary edema formation, we simultaneously measured alveolar epithelial
fluid transport, pulmonary vascular permeability to albumin, and lung fluid balance in these
experiments. Measurable basal AFC was present in 79% (19/24) of the lungs studied. The mean
basal AFC rate for lungs in which AFC was present was 19 ± 10%/h (Fig. 4). This AFC rate
is comparable to that in other species commonly used in experimental studies such as rats and
mice (20). The rate of AFC determined in this model is also comparable to estimated AFC
rates in our previous clinical studies of patients with pulmonary edema (34,38). It is also notable
that because the intratracheal instillate and the perfusate have identical protein concentrations
at the start of the experiment, increased albumin flux could potentially result in an
underestimation of AFC in this model.

Why does pulmonary vascular perfusion significantly increase AFC in the ex vivo human lung
model? In previous animal studies, AFC measured in situ immediately after the cessation of
perfusion was comparable to AFC measured during perfusion. There are important differences
between the present study and those prior animal studies. In the animal studies, lung
temperature is held constant at 37°C, and AFC is immediately measured. However, donor
human lungs are removed and then undergo cold preservation for several hours. Because
temperature is inversely associated with AFC (29), it is reasonable to assume that temperature
must be restored to normal for AFC in the ex vivo lung to be comparable to the in situ conditions
used in previous experimental studies. The addition of perfusion to the human lung model may
have resulted in more uniform and complete rewarming of the lung. Therefore, it is possible
that in the perfused lung, the temperature in the interior of the lung is higher than in the ex
vivo, nonperfused human lungs in which the passive rewarming protocol involves submerging
the lungs in a water bath for 2 h. Without perfusion, it is difficult to determine the internal
temperature of the passively rewarmed lungs. In addition, the surface area for fluid transport
may be greater in the perfused lung preparation compared with the ex vivo protocol without
perfusion. The surface area for fluid transport could be increased by the addition of perfusion
to the pulmonary vasculature or the suspension of the lungs from the bronchus in an air-filled
chamber, which may result in more uniform inflation of the lung. Finally, in the absence of
functioning lymphatics and vascular perfusion, the capacity for accumulation of pulmonary
interstitial space for fluid is fixed. Therefore, the measured AFC rate could be affected by
preexisting air space and interstitial pulmonary edema, the volume of fluid instilled for the
measurement, and the duration of the measurement period (12). The addition of perfusion could
have increased the clearance of fluid from the interstitial space, potentially allowing for greater
removal of fluid from the air spaces. The later explanation is least likely, but remains a
possibility.

We also found that a β2-selective adrenergic agonist (terbutaline, 10−5 M) significantly
increased basal AFC rates more than twofold in this model. The mean stimulated AFC rate
was 43 ± 13%/h in the presence of perfusion (Fig. 4). Previous studies of nonperfused ex vivo
human lungs have reported stimulated fluid clearance rates of ~7%/h (24). Of the lungs studied,
70% (12/17) demonstrated a significant increase in AFC rate with terbutaline (Fig. 3). These
data confirm that the alveolar epithelium remains responsive to β2-adrenergic stimulation hours
after organ procurement and that stimulated fluid transport rates in human lungs are comparable
to those in commonly used experimental animal models. Experimental data in animal models
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indicate that increased alveolar epithelial fluid transport rates result in less pulmonary edema
and more rapid improvement in oxygenation during hydrostatic pulmonary edema and acute
lung injury (2,3,11,21,27,28). Previous clinical data indicate that intact AFC is associated with
improved survival in patients with acute lung injury and acute respiratory distress syndrome
and with more rapid recovery from reperfusion pulmonary edema after lung transplantation
(21,36,38) or hydrostatic pulmonary edema (34). Most of the lungs used in this study were
rejected in part due to concern for acute lung injury, but a minority (7/24) of donors met criteria
for acute lung injury or acute respiratory distress syndrome. However, these data support the
plausibility of β2-adrenergic agonist therapy targeted at increasing AFC rates and effecting a
more favorable lung fluid balance in patients with acute lung injury and in patients with
posttransplant reperfusion pulmonary edema and primary graft failure. Because previous
clinical studies have shown that AFC may be impaired in acute lung injury and acute respiratory
distress syndrome patients (38), more studies are needed to determine if β2-adrenergic agonists
increase AFC in this patient population.

To determine the contribution of AFC to lung fluid balance in the perfused human lung, we
simultaneously measured epithelial albumin flux, AFC, and lung weight gain (as a measure of
lung fluid balance) in 10 lungs. There was a strong inverse association between AFC rate and
lung weight gain (Fig. 6). There was a weaker association between AFC and lung albumin
flux. Multivariable regression analysis showed that the association between AFC and lung
weight gain was largely independent of epithelial albumin flux in the model. Therefore,
consistent with a previous study in rats (10), AFC can be preserved or increased in the perfused
human lung in the presence of increased epithelial permeability. These results emphasize the
critical contribution of AFC to favorable lung fluid balance and further highlight alveolar
epithelial fluid transport as a potential target of pharmacological therapy in patients with
pulmonary edema and acute lung injury.

Assessment of lung function before transplantation remains a challenge. A previous study
found that many lungs rejected for transplantation based on conventional clinical criteria were
without significant histological or functional abnormalities (39). Those data, along with patient
outcome data from recipients of lungs not meeting all of the usual pretransplant clinical criteria
(4,9,18,31,32), call into question the validity of certain clinical criteria used for screening donor
organs. To investigate whether air space or circulating levels of biological markers of alveolar
epithelial cell injury were associated with measures of epithelial barrier function, we also
measured levels of RAGE in the perfusate and air spaces in these donor lungs. RAGE is made
by alveolar epithelial cells and other epithelial cells. A recent report found that air space and
plasma levels of RAGE were associated with lung injury severity in rats and in patients with
acute lung injury (33). Although RAGE is also produced by epithelial cells in other organs, it
has been used recently as a type I pneumocyte marker (33). In this isolated lung model, type I
pneumocytes are probably the only source of RAGE. In the present study, alveolar epithelial
injury as measured by baseline perfusate and air space levels of RAGE were significantly
greater in lungs without AFC (Fig. 7). There was a significant inverse association between
perfusate levels of RAGE and AFC rate. The average RAGE level in lungs without basal AFC
was 544 ± 70 ng/ml compared with 76 ± 44 ng/ml in lungs with measurable AFC (P < 0.00001,
Fig. 7B). There was a weaker association between perfusate RAGE levels and albumin flux in
this model, suggesting that epithelial permeability may be influenced by factors other than
epithelial cell injury alone. However, because of the new evidence that alveolar epithelial type
I cells transport sodium and contribute to AFC (5,16,23), a marker of type I cell injury could
be an especially useful marker of intact AFC. These results suggest that RAGE may be a useful
biological marker of epithelial injury and barrier dysfunction clinically, although additional
prospective validation is necessary. These data also raise the possibility that physiological and
biochemical markers of alveolar epithelial injury could have predictive value in the assessment
of lungs before transplantation.
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Data from this new experimental model have potentially important clinical implications. First,
these data demonstrate that β2-adrenergic agonists significantly increase AFC rates in perfused
human lungs, raising the possibility that pharmacological therapy directed at augmenting AFC
is plausible. Second, these data confirm previous reports that many donor lungs rejected for
transplantation due to concern for lung injury maintain adequate epithelial barrier function.
We also show for the first time that preserved AFC is associated with more favorable lung fluid
balance in the perfused human lung. Finally, measurement of biological markers of alveolar
epithelial injury may be useful in predicting the presence or absence of intact alveolar fluid
clearance in donor lungs and perhaps in patients with acute lung injury. Therefore, functional
and biochemical assessment of alveolar epithelial injury in donor lungs before lung
transplantation may be useful clinically.
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Fig. 1.
Isolated perfused lung preparation. The pulmonary artery and main bronchus of the left lung
were cannulated, and the lung was placed in a heated humidified chamber. Perfusion was
initiated and maintained at a constant pressure. Venous drainage from the lung into the
recirculated perfusate reservoir was passive. After rewarming, continuous positive airway
pressure (CPAP; 10 cmH2O) was applied to the airway with 95% oxygen and 5% carbon
dioxide. Pulmonary artery pressure, airway pressure, perfusate flow, and lung weight were
continuously monitored.
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Fig. 2.
Experimental protocol. Following surgical preparation, rewarming to 36°C, and application of
CPAP, 150 ml of isotonic instillate with 5% BSA was instilled into the air space, and 1 μCi
of 125I-labeled albumin was added to the perfusate. Five minutes later, baseline samples of
both air space fluid and perfusate were collected. Samples were taken again 30 min later.
Immediately following the measurement of basal air space fluid clearance (AFC), a second
volume of fluid containing terbutaline (10−5 M) was instilled into the lung. Air space and
perfusate samples were subsequently collected at 5 min and 30 min for determination of AFC
and epithelial albumin flux. Lung weight gain was measured from the start of the first
measurement of AFC to the end of the protocol.
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Fig. 3.
Proportion of lungs rejected for transplantation with measurable basal and β-adrenergic-
stimulated AFC. A: of the 17 lungs in which both basal and stimulated AFC were measured,
the majority of lungs had a basal AFC rate that increased following the addition of terbutaline.
A smaller proportion of lungs had no measurable AFC with or without the addition of
terbutaline. B: basal and stimulated AFC in the 17 lungs from which both measurements were
made (P < 0.001 by paired t-test).
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Fig. 4.
Basal and β-adrenergic-stimulated AFC. The mean basal AFC rate was 19% in the lungs for
which both basal and stimulated AFC were present. Terbutaline significantly increased AFC
(*P < 0.001). Data shown are means ± SD for lungs with measured basal and stimulated AFC.
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Fig. 5.
Effect of perfusion compared with passive rewarming on basal AFC. Four lungs were used for
this comparison. The lung was passively rewarmed with submersion in a 37°C water bath for
2 h (24,39), and AFC was measured without perfusion. The lung was then perfused with 37°
C perfusate for 1 h, and AFC was measured in a separate lung lobe. In all experiments, basal
AFC was greater with perfusion (*P < 0.05).
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Fig. 6.
AFC is inversely associated with pulmonary edema in the perfused lung model. For the 10
lungs in which albumin flux and AFC were measured, higher stimulated AFC rates were
associated with less weight gain (pulmonary edema) (Pearson coefficient −0.90, r 2 = 0.8, P <
0.0001). Basal AFC was also associated with less lung weight gain (Pearson coefficient −0.70,
r 2 = 0.5, P < 0.02) (not shown).
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Fig. 7.
Baseline air space and perfusate receptor for advanced glycation end products (RAGE) levels.
A: levels of RAGE were significantly higher at baseline in donor lungs without basal AFC
(gray bars, n = 3) compared with lungs with intact AFC (open bars, n = 6) (*P < 0.01). B:
perfusate levels of RAGE significantly increased during the experiment in lungs without AFC
(*P < 0.05).
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Table 1
Donor clinical demographic data, procurement times, and time to warming

Mean age (±SD) 40±15 yr
Female 55%
Ethnic/racial minority 55%
Cause of death (number/total)
 Motor vehicle accident/head trauma 7/20
 Intracranial hemorrhage 10/20
 Gun shot wound to head 2/20
 Anoxic brain injury 1/20
Clinical concern for lung injury* 19/20
Time from death to procurement (±SD) 38±14h
Time from procurement to experiment 18±11 h
Time from 4°C to 36°C with perfusion 52±19 min

*
Including hypoxemia, pneumonia by microbiological findings, radiographic infiltrates, history of aspiration, pulmonary contusion, and pulmonary edema.
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Table 2
Hemodynamic and gas exchange variables during ex vivo lung perfusion

Basal AFC

Present (n = 15) Absent (n = 5) P Value

PaO2/FiO2
 Initial 214±56 195±96 0.72
 Final 205±127 163±44 0.61
pH
 Initial 7.57±0.14 7.58±0.11 0.93
 Final 7.35±0.22 7.41±0.14 0.67
Perfusate flow rate (l/min)
 Initial 0.41±0.19 0.38±0.14 0.86
 Final 0.50±0.29 0.50±0.11 0.99
Capillary pressure (mmHg)
 Initial 6.5±1.2 7.6±1.6 0.29
 Final 4.0±1.8 4.2±0.6 0.83

Values are means ± SE. AFC, air space fluid clearance.
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