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ORGAN PRESERVATION
ttenuation of Lung Reperfusion Injury by Modified Ventilation
nd Reperfusion Techniques
. Ramesh Singh, MD, Victor E. Laubach, PhD, Peter I. Ellman, MD, T. Brett Reece, MD, Eric Unger,

rving L. Kron, MD, and Curtis G. Tribble, MD

ackground: High ventilation and perfusion pressures after lung transplantation may have deleterious effects. We
hypothesized that using combined protective approaches for ventilation and perfusion would be
optimal for reducing injury and improving function after ischemia–reperfusion.

ethods: Using an isolated, blood-perfused, rabbit lung model, lungs underwent 120 minutes of reperfusion
either immediately (Sham) or after 18 hours of cold ischemia (IR). Groups Sham-P and IR-P
underwent protective ventilation and reperfusion, and Groups Sham-C and IR-C underwent
conventional ventilation and reperfusion. Protective ventilation involved gradually increasing the
flow rate during 5 minutes to 1.8 liters/min, and conventional ventilation entailed immediate
initiation of flow at 1.8 liters/min. Protective reperfusion involved gradually increasing perfusion
during 5 minutes to 60 ml/min, and conventional reperfusion entailed immediate perfusion at 60
ml/min. Two other groups underwent either protective ventilation with conventional perfusion or
vice versa. Airway pressure, pulmonary artery pressure, and arterial blood gases were measured
throughout reperfusion. Wet/dry weight, highest oxygenation index, and bronchoalveolar lavage
(BAL) protein were also measured.

esults: Protective ventilation and perfusion after ischemia (IR-P) resulted in significant improvements in
lung function as measured by increased PO2 and decreased PCO2, airway pressure, and highest
oxygenation index compared with conventional reperfusion (IR-C). Injury was significantly reduced
in IR-P lungs as measured by reduced edema (wet/dry weight) and vascular leakage (BAL protein).
In most cases, IR-P lungs performed better, with less injury than protective ventilation or perfusion
alone.

onclusions: This protective approach of ventilation and perfusion after ischemia may improve lung function
after transplantation, a simple method that could easily be applied clinically. J Heart Lung Transplant
2006;25:1467–73. Copyright © 2006 by the International Society for Heart and Lung

Transplantation.
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ungs are the most vulnerable solid organs to be
ransplanted, and even when strict donor selection
riteria are used, less than 25% of lungs from multi-
rgan donors are suitable for transplantation.1 Despite
dvancements in organ preservation and perioperative
are, reperfusion injury remains a significant cause of
arly mortality after transplantation.2–6 In recent years,
ur understanding of reperfusion injury has increased
onsiderably. It has been shown that cardiac reperfu-
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ion injury can be avoided by controlling the composi-
ion of the initial reperfusate as well as pressure.7

eCampos et al8 demonstrated that rapid initiation of
eperfusion leads to pulmonary edema and dysfunction.
rogressive reintroduction of blood flow during a 10-
inute period was shown to reduce injury and improve

unction of transplanted lungs,9–11 presumably because
ncreased shear stress induces endothelial damage.

Although mechanical ventilation is essential for pa-
ients undergoing lung transplantation, several studies
ave shown that mechanical ventilation can produce

ung injury de novo.12 The effect of different modes of
entilation in the early period after transplantation has
ot been explored clinically. Using a rat lung transplant
odel, de Perrot et al13 demonstrated that ventilation
ith high tidal volumes and low positive end-expiratory
ressure significantly worsened lung function after
eperfusion. Our laboratory has shown that hyperoxic
entilation exacerbates lung reperfusion injury, suggest-
ng that the lowest possible tension of inspired oxygen

hould be used during reperfusion.14
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These studies suggest that controlled ventilation or
erfusion is beneficial after lung ischemia. To date, no
tudy has investigated ventilation and perfusion applied
n combination during a post-transplantation reperfu-
ion model. The aim of the current study was to
nvestigate whether a more controlled (protective)

ethod of lung perfusion and ventilation was benefi-
ial. We hypothesized that a combination of controlled
entilation and perfusion after ischemia would result in
ptimal lung protection.

ETHODS
xperimental Protocol

reliminary studies using the isolated rabbit lung model
uggested significant differences in physiologic out-
omes between ischemic lungs that had undergone
ertain modes of protective ventilation and perfusion
ompared with conventional modes. Hence, we chose
he modalities that demonstrated these differences and
esigned a study to test the current hypothesis. An

solated, blood-perfused rabbit lung system (Kent Scien-
ific, Model TIS3862, Litchfield, CT) was used as previ-
usly described.15 All animals were used under ap-
roval from the University of Virginia’s Institutional
nimal Care and Use Committee. All animals received
umane care in compliance with the “Principles of
aboratory Animal Care” formulated by the National
ociety for Medical Research and the “Guide for the
are and Use of Laboratory Animals” prepared by the

nstitute of Laboratory Animal Resources (NIH Publica-
ion No. 86-23, revised 1985).

arvest Procedure

ew Zealand White rabbits of both sexes (3.0–3.5 kg)
ere randomly assigned to 6 experimental groups.

ach animal was anesthetized with intramuscular ket-
mine (50 mg/kg) and xylazine (5 mg/kg). Intubation
as performed through a tracheostomy, and mechani-

al ventilation (Kent Scientific, Model RSP1002, Litch-
eld, CT) was instituted with room air at 25 breaths/
in.
A median sternotomy and thymectomy were per-

ormed. The superior and inferior vena cavae were
ncircled with ligatures and the pericardium was
pened. Both the pulmonary artery (PA) and aorta were
imilarly encircled. A purse-string suture was placed in
he right ventricle, and intravenous heparin was admin-
stered (500 U/kg). After the PA was injected with 30 �g
rostaglandin E1, the vena cavae were ligated to initiate

schemia. The PA was then cannulated through a right
entriculotomy in the center of the purse-string suture,
nd the right ventricular and PA ligatures were tied to
ecure the cannula.

After the left ventricle was vented through a left

entriculotomy and the aorta was ligated, 50 ml/kg cold b
4°C) Viaspan (Belzer UW, Barr Laboratories Inc,
omona, NY) was infused into the PA at 30 cm H2O.
opical cooling was achieved with cold saline slush.
uring the PA flush, the left atrium was cannulated

hrough the left ventriculotomy with an outflow cathe-
er. A purse-string suture was placed to secure this
annula. After completion of the PA flush, the inflow
annula was clamped. The lung-heart block was then
xcised, and the tracheostomy tube was clamped at
nd-inspiration.

eperfusion Procedure

fter harvest, the lung-heart block was suspended from
force transducer and ventilation was initiated with

00% fraction of inspired oxygen (Model RSP1002 Kent
cientific). Control groups (Sham) underwent 120 min-
tes of whole-blood perfusion without ischemic stor-
ge. Experimental groups (IR) underwent 18 hours of
old ischemic storage, followed by 120 minutes whole-
lood reperfusion. For each group, 1 breath of approx-

mately 30 cm H20 positive end-expiratory pressure was
iven once per minute during a 5-minute stabilization
eriod to prevent atelectasis. Lungs were volume ven-
ilated at 1.8 liters/min with 3cm H2O positive end-
xpiratory pressure at 20 breaths/min. Sham lungs were
ushed with 4°C Viaspan, and topical cooling was
chieved as described previously. The average ischemic
ime for sham lungs was 10 to 15 minutes, and all lungs
ere at the same temperature (4°C) upon initiation of
erfusion.
Lung-heart blocks were connected via the PA and

utflow catheters to a venous blood reperfusion circuit.
ew Zealand White rabbits served as fresh venous
lood donors. Blood was circulated through a pediatric
xygenator to deoxygenate the blood and add carbon
ioxide. Thus, blood flowing through the PA was
ssentially physiologic for venous blood (PO2 � 60 mm
g/PCO2 � 60 mm Hg). This permitted arterial blood
as measurements to be made from the left ventricle
hat reflected physiologic performance of the lungs.
he temperature of the lungs and perfused blood were
aintained at 37°C throughout reperfusion.

tudy Groups

ix groups consisting of 6 lungs each were studied
summarized in Table 1). Two groups (Sham-P and IR-P)
nderwent protective reperfusion, which involved
radually increasing ventilatory flow rate from 0.8 liter/
in (by 0.2 liter/min each minute) over a 5-minute
eriod upon initiation of reperfusion, while keeping
eak inspiratory pressure at 15 cm H2O or lower, to a
aximum rate of 1.8 liters/min. The volume remained

nchanged for the remainder of the experiment, where
he minute ventilation was 810 ml/min. In addition,

lood-perfusion rate was gradually increased upon ini-
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iation of reperfusion from 10 ml/min, by 10-ml/min
ncrements, during a 5-minute period to the standard
ate of 60 ml/min.

Two groups (Sham-C and IR-C) underwent conven-
ional reperfusion, which involved initiating ventilation
t a flow rate of 1.8 liters/min (tidal volume, 12 ml/kg)
egardless of peak inspiratory pressure, and perfusion
as initiated at the standard rate of 60 ml/min. The

emaining 2 groups (IR-CP and IR-PC) underwent reper-
usion with either protective ventilation or protective
erfusion. Here, Group IR-PC underwent protective
entilation and conventional perfusion whereas Group
R-CP underwent conventional ventilation and protec-
ive perfusion. The peak inspiratory pressures during
he first 5 minutes of reperfusion for all groups were 15
m H2O or less.

hysiologic Variables

ontinuous recordings of PA pressure and mean
irway pressure were collected by a dynamic data
cquisition program (DASYLab, DASYTEC, USA, Bed-
ord, NH). Venous blood samples were collected for
lood gas analysis (Bayer 348 Analyzer, Bayer Corp, E
alpole, MA) after 15, 30, 60, and 120 minutes of

eperfusion.

ung Wet/Dry Weight

ung wet/dry weight was used as an indicator of
ulmonary edema. After reperfusion, samples of right

ung tissue were blotted, weighed, and desiccated
nder vacuum at 55°C until a stable weight was
chieved. The wet and dry weights were then used to

able 1. Summary of Experimental Groups

Group Ischemia Ventilationa Perfusionb

ham-C None Conventional Conventional
ham-P None Protective Protective

R-C 18 hrs Conventional Conventional
R-P 18 hrs Protective Protective
R-PC 18 hrs Protective Conventional
R-CP 18 hrs Conventional Protective

ham-C, immediate conventional ventilation; Sham-P, immediate protective
entilation; IR-C, conventional ventilation and reperfusion; IR-P, protected
entilation; IR-PC, protective ventilation and conventional perfusion; IR-CP,
onventional ventilation and protective perfusion.

aProtective ventilation involved gradually increasing flow rate to 1.8 liter/min
ver the initial 5 minutes of reperfusion, whereas conventional ventilation

nvolved initiating reperfusion at the standard ventilation rate of 1.8 liter/minute
egardless of peak inspiratory pressure.

bProtective perfusion involved gradually increasing perfusion rate to 60
l/minute over the initial 5 minute reperfusion whereas conventional perfusion

nvolved initiating reperfusion at the standard rate of 60ml/min. See Methods for
ore details.
alculate the wet/dry weight ratio. c
ronchoalveolar Lavage Protein Concentration

ronchoalveolar (BAL) fluid was obtained at the end of
eperfusion. Saline (30 ml) was used to intratracheally
ush the left lung 3 times. The recovered fluid was then
entrifuged (model 5804R, Eppendorf North America,
estbury, NY) for 10 minutes at 4°C. Protein concen-

ration in the supernatant was measured by using the
CA Protein Assay (Pierce Biotechnology, Inc, Rock-

ord, IL) and the BioMate 3 spectrophotometer
Thermo Electron Corp, Waltham, MA).

tatistical Analysis

tatistical analysis was performed using an analysis of
ariance for each time point and variable. Tukey’s multiple
omparison analysis was used to determine which groups
ere significantly different when comparing the Sham

nd IR Groups. Dunnett’s t-test using the IR-C Group as a
ontrol was used to determine which groups were signif-
cantly different for the experimental analysis. A value of p

0.05 was used to indicate a significant difference.
easurements are reported as mean � standard error of

he mean.

ESULTS
rterial Blood Gas

uring reperfusion, arterial PO2 was reduced at all times
fter ischemia, with significant reductions at 30 and 60
inutes (IR-C vs Sham-C, p � 0.01; Figure 1). Reperfusion

sing combined protective ventilation and perfusion
IR-P) resulted in significantly higher PO2 compared with
R-C at all times (p � 0.02); levels which were comparable

igure 1. Mean arterial oxygenation (PO2, mm Hg) during reperfusion.
he PO2 in Group IR-C was reduced at all times, with significant
eductions at 30 and 60 minutes (*p � 0.01 vs Sham-C). Group IR-P
ad significantly improved PO2 at all times (#p � 0.02 vs IR-C). IR-P
sually had higher PO2 than either protective ventilation (IR-PC) or
erfusion (IR-CP) alone (@p � 0.049 vs IR-P). Range bars show the
tandard error of the mean. Sham-C, non-ischemic, conventional
entilation and perfusion; Sham-P, non-ischemic, protective ventilation
nd perfusion; IR-C, ischemic, conventional ventilation and perfusion;

R-P, ischemic, protective ventilation and perfusion; IR-PC, ischemic,
rotective ventilation and conventional perfusion; IR-CP, ischemic,

onventional ventilation and protective perfusion.
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ith the Sham Group (Figure 1). No significant differences
ere observed between the Sham Groups, although

ham-P consistently had higher PO2 than Sham-C. When
ompared with the protective ventilation (IR-PC) or pro-
ective perfusion (IR-CP) groups, IR-P usually had higher
O2, which reached statistical significance at 60 minutes
IR-PC vs IR-P, p � 0.049, Figure 1).

During reperfusion, arterial PCO2 was elevated at all
imes after ischemia, with significant increases at 30 and
0 minutes (IR-C vs Sham-C,  p � 0.04) (Figure 2).
eperfusion using combined protective ventilation and
erfusion (IR-P) resulted in reduced PCO2 compared
ith IR-C at all times, which reached significance at 30

nd 60 minutes (p � 0.02, Figure 2); levels which were
omparable with the Sham Group. No significant differ-
nces were observed between the Sham Groups, al-
hough Sham-P consistently had a lower PCO2 than
ham-C. When compared with the protective ventila-
ion (IR-PC) or protective perfusion (IR-CP) groups, IR-P
ad lower PCO2 at all times and was significant at 30 and
0 minutes (IR-PC vs IR-P,  p � 0.05, Figure 2).

ean Airway Pressure

uring reperfusion, mean airway pressure was signifi-
antly increased at 15, 30, and 60 minutes after isch-
mia (IR-C vs Sham-C,  p � 0.05; Figure 3). Reperfusion
sing combined protective ventilation and perfusion
IR-P) resulted in significantly reduced mean airway
ressure in IR-P compared with IR-C throughout reper-

igure 2. Mean arterial PCO2 (mm Hg) during reperfusion. The PCO2

as elevated in Group IR-C at all times after ischemia (*p � 0.04 vs
ham-C). Group IR-P had reduced PCO2 at all times, with significant
eductions at 30 and 60 minutes (#p � 0.02 vs IR-C). IR-P had lower
CO2 at all times compared with protective ventilation (IR-PC) or
erfusion (IR-CP) (@p � 0.05 vs IR-P). Range bars show the standard
rror of the mean. Sham-C, non-ischemic, conventional ventilation and
erfusion; Sham-P, non-ischemic, protective ventilation and perfusion;

R-C, ischemic, conventional ventilation and perfusion; IR-P, ischemic,
rotective ventilation and perfusion; IR-PC, ischemic, protective venti-

ation and conventional perfusion; IR-CP, ischemic, conventional ven-
ilation and protective perfusion.
usion (p � 0.01, Figure 3); levels which were compa- i
able with the Sham Group. When compared with
ham-C, mean airway pressure was significantly re-
uced in Sham-P at all times (p � 0.04). When com-
ared with the protective ventilation (IR-PC) or protec-
ive perfusion (IR-CP) groups, IR-P had equal or lower
ean airway pressure at all times; however, this did not

each significance.

ean Pulmonary Artery Pressure

o significant differences in mean PA pressure were
bserved among all groups throughout reperfusion

igure 4. Mean pulmonary artery pressure (cm H2O) throughout
eperfusion did not significantly differ between groups. Range bars
how the standard error of the mean. Sham-C, non-ischemic, conven-
ional ventilation and perfusion; Sham-P, non-ischemic, protective
entilation and perfusion; IR-C, ischemic, conventional ventilation and
erfusion; IR-P, ischemic, protective ventilation and perfusion; IR-PC,

schemic, protective ventilation and conventional perfusion; IR-CP,

igure 3. Mean airway pressure (cm H2O) during reperfusion. Mean
irway pressure in Group IR-C was increased after ischemia at all
imes (*p � 0.05 vs Sham-C). Group IR-P had improved mean airway
ressure at all times, with significant reductions at 15, 30, and 60
inutes (#p � 0.01 vs IR-C). Sham-P had significantly lower mean

irway pressures than the Sham-C Group throughout reperfusion (@p
0.04 vs Sham-C). Range bars show the standard error of the mean.

ham-C, non-ischemic, conventional ventilation and perfusion;
ham-P, non-ischemic, protective ventilation and perfusion; IR-C,

schemic, conventional ventilation and perfusion; IR-P, ischemic,
rotective ventilation and perfusion; IR-PC, ischemic, protective venti-

ation and conventional perfusion; IR-CP, ischemic, conventional ven-
ilation and protective perfusion.
schemic, conventional ventilation and protective perfusion.
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Figure 4). However, combined protective ventilation
nd perfusion (Sham-P and IR-P) did result in the lowest
A pressure at the earlier times (15 and 30 minutes).

ung Wet/Dry Weight

s expected, lung wet/dry weight, an indicator of
dema, was significantly increased after ischemia–
eperfusion (IR-C vs Sham-C,  p � 0.001; Figure 5).
eperfusion using combined protective ventilation and
erfusion (IR-P) resulted in a significantly reduced
et/dry weight compared with IR-C (p � 0.035; Figure

). The IR-PC and IR-CP Groups also had reduced
et/dry weight; however, this was not significant com-
ared with IR-C. The difference between the Sham
roups was not significant.

ronchoalveolar Lavage Protein Concentration

s expected, BAL protein concentration, an indicator of
ascular leakage, was significantly increased after isch-
mia–reperfusion (IR-C vs Sham-C,  p � 0.001; Figure 6).
eperfusion using combined protective ventilation and
erfusion (IR-P) resulted in significantly reduced BAL
rotein compared with IR-C (p � 0.05; Figure 6). The
R-PC and IR-CP Groups also had reduced BAL protein;
owever, this was not significant compared with IR-C.
he difference between the Sham Groups was not
ignificant.

ighest Oxygenation Index

fter lung transplantation, an elevation of the highest

igure 5. Lung wet/dry weight after ischemia–reperfusion. Ischemia–
eperfusion (IR-C) resulted in increased wet/dry weight, as expected
*p � 0.001 vs Sham-C). Reperfusion using protective ventilation and
erfusion (IR-P) resulted in significantly reduced wet/dry weight (#p �
.035 vs IR-C). Groups IR-PC and IR-CP also had reduced wet/dry
eight, which was not significant. Range bars show the standard error
f the mean. Sham-C, non-ischemic, conventional ventilation and
erfusion; Sham-P, non-ischemic, protective ventilation and perfusion;

R-C, ischemic, conventional ventilation and perfusion; IR-P, ischemic,
rotective ventilation and perfusion; IR-PC, ischemic, protective venti-

ation and conventional perfusion; IR-CP, ischemic, conventional ven-
ilation and protective perfusion.
xygenation index (HOI), calculated as [(mean airway t
ressure � percent of inspired oxygen)/partial pressure
f arterial oxygen], can be an early predictor of severe
espiratory failure requiring acute intervention.16 In
upport of this, the HOI after ischemia–reperfusion was
ignificantly elevated (IR-C vs Sham-C, p � 0.003; Figure
). Reperfusion using combined protective ventilation
nd perfusion (IR-P) resulted in significantly reduced
OI vs the IR-C Group (p � 0.0016; Figure 7). Protec-

igure 6. Bronchoalveolar lavage (BAL) protein concentration (�g/ml)
fter ischemia–reperfusion. Ischemia–reperfusion (IR-C) resulted in

ncreased BAL protein, as expected (*p � 0.001 vs Sham-C).
eperfusion using protective ventilation and perfusion (IR-P) resulted in
ignificantly reduced BAL protein (#p � 0.05 vs IR-C). Groups IR-PC
nd IR-CP also had reduced BAL protein, which was not significant.
ange bars show the standard error of the mean. Sham-C, non-

schemic, conventional ventilation and perfusion; Sham-P, non-isch-
mic, protective ventilation and perfusion; IR-C, ischemic, conventional
entilation and perfusion; IR-P, ischemic, protective ventilation and
erfusion; IR-PC, ischemic, protective ventilation and conventional
erfusion; IR-CP, ischemic, conventional ventilation and protective
erfusion.

igure 7. Highest oxygenation index (HOI) after ischemia–reperfusion.
schemia–reperfusion (IR-C) resulted in increased HOI, indicative of
espiratory failure (*p � 0.003 vs Sham-C). Reperfusion using
rotective ventilation and perfusion (IR-P) resulted in significantly
educed HOI (#p � 0.0,016 vs IR-C). Groups IR-PC and IR-CP had
nsignificant reductions in HOI. Range bars show the standard error of
he mean. Sham-C, non-ischemic, conventional ventilation and perfu-
ion; Sham-P, non-ischemic, protective ventilation and perfusion; IR-C,
schemic, conventional ventilation and perfusion; IR-P, ischemic,
rotective ventilation and perfusion; IR-PC, ischemic, protective venti-

ation and conventional perfusion; IR-CP, ischemic, conventional ven-

ilation and protective perfusion.
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ive ventilation (IR-PC) or protective perfusion (IR-CP)
lone did not result in significant reductions in HOI.
lthough HOI was lower in Sham-P vs Sham-C, this was
ot significant (p � 0.39).

ISCUSSION

his study demonstrates that the ventilation and perfu-
ion strategies used during acute reperfusion can have a
ajor effect on subsequent lung function. We have

hown that combined protective ventilation and perfu-
ion strategies can significantly diminish ischemia–
eperfusion injury. These strategies could easily be
pplied clinically to improve outcomes in transplant
ecipients. One example of another method that could
e easily applied in the clinical setting was demon-
trated by Wittwer et al,17 where it was shown that the
ndobronchial application of iloprost to donor lungs
ignificantly improved function after ischemia. Another
tudy by Markart et al18 showed that a brief episode of
schemic preconditioning before ischemia may also
rovide protection.
Several studies have shown that reduced reperfusion

ressure is beneficial after lung transplantation.7,19,20

lthough it remains uncertain why higher reperfusion
ressures cause increased damage after ischemia, con-
iderable evidence suggests that it is primarily due to
ndothelial cell injury21–23 causing attachment of leu-
ocytes, which in turn leads to further endothelial cell
amage.21,24–26 The ideal length of controlled reperfu-
ion, as well as optimal pressure, remains uncertain, but
hese data suggest that the first few minutes of reper-
usion are critical and that by using a more controlled
ode of reperfusion, subsequent tissue edema, leuko-

yte adherence, and cellular injury can be minimized.20

he same can be said for high ventilation pressure. One
tudy demonstrated that transplanted lungs ventilated
ith conventional mechanical ventilation had a signifi-

ant increase in elastase with higher cytokine concen-
rations and greater pathologic changes compared with
hose with minimal stress ventilation.13

Our laboratory has historically used Viaspan preser-
ation solution in the isolated rabbit lung model. We
ealize that Perfadex (Vitrolife, Inc., Englewood, CO,
SA) is more commonly being used today clinically.
ecause all lungs in this study were flushed with the
ame solution (Viaspan), direct comparisons between
hese groups hold true. The potassium concentrations
o differ between these 2 solutions (Perfadex has 6
mol/liter and Viaspan has 125 mmol/liter), and thus,
e cannot eliminate the possibility that the use of
erfadex could lead to different results. However, we
ow use Perfadex in the isolated rabbit lung model and
nd that it results in similar lung physiology as observed
n the control groups of the present study, and thus we s
eel that our results and conclusions would differ little
f Perfadex were used.

To our knowledge, this study is the first to investigate
he combination of minimal stress ventilation and con-
rolled reperfusion on lung function after ischemia.
ccording to the physiologic variables studied, the

schemic lungs that underwent protective ventilation
nd reperfusion (IR-P) performed better than the isch-
mic lungs that underwent conventional protocols
IR-C), as demonstrated by improved PO2, PCO2, mean
irway pressure, and HOI. Although evaluation of lung
istology revealed no differences between the ischemic
roups (data not shown), evidence of reduced injury in
schemic lungs that underwent combined protective
entilation and reperfusion was demonstrated by de-
reased wet/dry weight and BAL protein. The isolated
abbit lung model used in this study results in a
elatively mild injury, which is probably why PCO2

evels did not exceed 30 mm Hg. This is also probably
hy PA pressures were not significantly elevated by

schemia. However, as shown in Figure 4, PA pressures
ere consistently lower in the protective groups

Sham-P and IR-P) compared with the conventional
roups (Sham-C and IR-C) at 15 and 30 minutes reper-
usion.

Although each of the separate protective ap-
roaches for ventilation (IR-PC) or perfusion (IR-CP)
ften provided some protection to the lung after

schemia, in most cases this was less protective than
ombined protective ventilation and perfusion (IR-P).
he most significant differences noted were that
et/dry weight, BAL protein, and HOI were not

ignificantly improved by the separate protective
pproaches (IR-PC or IR-CP), whereas combined pro-
ective ventilation and perfusion (IR-P) did signifi-
antly improve these variables. These results suggest
hat controlled ventilation and perfusion can substan-
ially attenuate injury and improve function after lung
schemia–reperfusion and that the combination of
rotective ventilation and perfusion is optimal.

ONCLUSION

his study shows that combined protective ventilation
nd perfusion after ischemia decreases injury, improves
unction, and is superior to protective ventilation or
rotective perfusion alone. This is a relatively simple
trategy that does not require significant alterations to
urrent surgical techniques used in the operating room.
he number of patients on the waiting list for lung

ransplantation is constantly increasing, but less than 25%
f donor lungs are currently used. Hence, the develop-
ent of new strategies to improve the quality of lungs

ould have a tremendous impact on the number of
ransplants performed. The approach described in this

tudy may not only improve post-operative recovery but
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ay also allow the procurement of less than perfect lungs
or transplantation, thus increasing the donor pool.
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