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Partial Liquid Ventilation with Perfluorocarbon Improves Gas
Exchange and Decreases Inflammatory Response in Oleic

Acid-induced Lung Injury in Beagles

The aim of this study was to determine the effect of partial liquid ventilation
(PLV) using a perfluorocarbon (PFC) on gas exchange and lung inflammatory
response in a canine acute lung injury model. After inducing severe lung injury
by oleic acid infusion, beagle dogs were randomized to receive either gas ven-
filation only (control group, n=6) or PLV (PLV group, n=7) by sequential instil-
lation of 10 mlykg of perfluorodecalin (PFC) at 30 min intervals till functional
residual capacity was attained. Measurements were made every 30 min till 210
min. Then the lungs were removed and bronchoalveolar lavage (BAL) (35 mL/kg)
was performed on the right lung and the left lung was submitted for histologic
analysis. There was significant improvement in PaO. and PaCQ: in the PLV
group compared to the control group (p<0.05) which was associated with a
significant decrease in shunt (p<0.05). There was no significant difference in
parameters of lung mechanics and hemodynamics. There was a significant
decrease in cell count and neutrophil percentage in BAL fluid and significantly
less inflammation and exudate scores in histology in the PLV group (p<0.05).
We conclude that PLV with perfluorodecalin improves gas exchange and de-
creases inflammatory response in the acutely-injured lung.
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INTRODUCTION

Acute respiratoty distress syndrome (ARDS) is still a
lethal disease with mortality typically reported to be
around 50% (1). Because there is no effective, specific
therapy in ARDS, mechanical ventilation that maintains
gas exchange has been a vital patt of the management
for this syndrome. Although medical opinions are gradu-
ally converging, there is still no firm consensus regarding
the approptiate ventilatory management of ARDS pa-
dents. Thetefore, the development of new therapeutic
strategies are needed.

Partial liquid ventilation (PLV), also known as “petflu-
orocarbon (PFC)-associated gas exchange” (2) is a new
ventilation technique which suppotts gas exchange in the
injured lung, combining the ease and familiatity of con-
ventional gas ventilation with the benefits of liquid ven-
dlation using PFC. This technique has been studied in
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healthy animals as well as in experimental lung injuty
models (3-6) and some encouraging human data have
emerged (7, 8). These studies seem to show the remark-
able effects of PLV on gas exchange and lung mechanics
in sutfactant deficient models (3). However, the effect
was less dramatic in models with increased permeability
at the endothelial-epithelial barrier (4, 6) and in patients
with ARDS (8).

Several mechanisms have been proposed for the im-
provements observed in PLV. First, high density and low
sutface tension of PFC opens collapsed alveoli units thete-
by tectuiting them for ventilation (9). Also lungs filled
with petfluorocarbon may redistribute pulmonary blood
flow, favoting enhanced ventilation-perfusion matching
(10, 11). Another possible mechanism is the anti-inflam-
matoty effect of PLV using PFC (12-15).

Thus, this study was petformed to investigate the
effect of PLV using petfluorodecalin on gas exchange and
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inflammatory response in an acute lung injury model
with increased permeability.

MATERIALS AND METHODS

Animal preparation

This study was reviewed and approved by the animal
use and care committee of Samsung Life Science Research
Institute. Thirteen beagle dogs of either sex (Choong-ang
Laboratory Animals, Seoul, Korea) and more than 10
months of age [7.8-11.5 kg (median 9.6 kg)| wete anes-
thetized with thiopenthal sodium (35 mg/kg), restrained
in the supine position, intubated with internal diameter
6.0 mm cuffed endotracheal tubes. They wete then ven-
tilated with Servo 900C ventilator (Siemens-Elma, Solna,
Sweden) at a fixed rate of 20 breaths/min, positive end
expiratoty pressure (PEEP) of 4 cnHO, total inspiratoty
petcentage of 43% (inspiration 33%, pause 10%), in-
spited O fraction of 1.0, and tidal volume (V1) (120-190
mL or 13.4-21.2 mL/kg) adjusted to keep PaCQO, be-
tween 35 and 45 mmHg. These initial ventilator settings
were kept until the end of the expetiment for both
groups. The animals were patalyzed by bolus injection
of 1 mg and then houtly injection of 0.1 mg/kg of not-
curonium and anesthetized by continuous infusion of so-
dium pentobarbital at a rate of 6 mg/kg/hr. Physiologic
saline was infused at a rate of 4 mL/kg/hr as maintenance
fluid. Right femoral attery was catheterized for blood gas
sampling and monitoting of artetial pressure, and a cut
down of right femoral vein was petformed to insert a
Swan-Ganz catheter (5 Fr, Baxter Healthcare Corp.,
Irvine, CA, U.S.A.). Heart rate, electrocardiogram, arte-
rial pressure (AP), pulmonary attery pressure (PAP), and
pulmonaty capillaty wedge pressute (PCWP) were mon-
itored using Hewlett-Packard Monitoring System Model
78354C (Hewlett-Packard GMBH, Boeblingen, Germa-
ny). A separate catheter was inserted via external jugular
vein to tight atrium to infuse oleic acid. Cote body tem-
petature was monitoted with the pulmonaty artery cath-
eter and maintained between 36 and 38C with the use
of heat lamps and heating pad.

Induction of acute lung injury

Animals wete hydrated to maintain PCWP >6 mmHg.
After a petiod of stability, preinjury baseline data were
collected. All measurements wete performed every 30 min
theteafter. To induce lung injuty, oleic acid 0.10 mL/kg
(0.89 g/mlL, Sigma Chemical, St. Louis, MO, U.S.A.) was
infused into the right atrium for 5 min. During induction
of lung injuty, Dextran-40 was administeted to maintain
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PCWP >6 mmHg. If PaO, >200 mmHg after 60 min,
an additional 0.3 mL/kg of oleic acid was injected over
1 min (two beagles in the PLV group). When PaQ, <100
mmHg, sufficient sevete lung injury was thought to have
occutred and the experiment was begun (postinjury base-
line, 0 min).

Protocol

The animals were randomized to receive two kinds of
ventilation. In the control group (n=6), gas ventilation
using the initial ventilator setting was continued through-
out the experiment. In the PLV group (n=7), along with
gas ventilation using the initial ventilator setting, sequen-
tial instillation of 10 mL/kg of petfluotodecalin (perfluoto-
decahydronapthalin, Fluka Chemie AG, Buchs, Switzer-
land) was done at 0, 30, 60 min and if needed to FRC
at 90 min (total dose of PRC=33.3+1.8 mL/kg). Instilla-
tion was done slowly over a 10 min period through the
side port of closed suction catheter (Trach Care, Ballard
Medical Products, Draper, Utah, U.S.A.) during inspi-
ration while ventilation was continued; 1/3 in the supine,
right lateral decubitus and left lateral decubitus positions,
respectively. Evaporated losses of petfluorodecalin wete
not replaced. After 210 min of vendlation, dogs were sac-
rificed with bolus injection of potassium chloride. The
chest was immediately opened and heart and lungs were
removed en bloc. After carefully aspirating secretions from
the trachea, a 16F foley catheter was advanced to lower
trachea and balloon inflated. After clamping the left main
bronchus, bronchoalveolar lavage (BAL) was done in the
right lung by instilling 35 mL/kg of stetile normal saline
and then gently aspirating the fluid. From the left lung,
two ot three pieces of tissue block of 1 cmx1 amXx1
cm wete removed from both dependent (postetobasal pos-
tetior segment of left caudal lobe) and non-dependent (tip
of caudal patt of left caudate lobe) lungs.

Data collection

Arterial and venous blood gas tensions, oxygen satu-
ration and arterial hemoglobin concentration wete mea-
sured with blood drawn from the femoral artery and pul-
monaty artety using a blood gas analyzer (288 Blood Gas
Analyzetr, CIBA-Corning, Medfield, MA, U.S.A.). Oxygen
content (C,0,) was calculated as 1.35 X %Sat x Hb+PaO,
% 0.003 where %Sat is petcent oxygen saturation of blood
and Hb is hemoglobin. Shunt fraction was calculated as
(CO-CLONCO-C,O2) X 100 where subscripts ¢, a, and
v denote pulmonaty capillary, arterial and mixed venous
blood, tespectively.

Exhaled V1 and mean and peak aitway pressures were
recotded from the ventlator display. Effective tidal vol-
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ume (Vreg) was calculated by subtracting the compress-
ible volume of the ventilator circuit from Vr. Plateau
pressure (Pyl,) was measured by occluding the expiratory
valve for 3 seconds while observing pressute display to
confirm stable pressure. Static compliance of the respira-
tory system was calculated by dividing Vier by (Popc-
PEEP) and then notmalized for body weight.

Catdiac output (CO) was measured by CO monitor
(COM-2 Cardiac Output Computet, Baxter Healthcare
Cotp., ITrvine, CA, US.A)), using at least three 5 mL
injections of cold normal saline at end-expiration. Cat-
diac index (CI) was calculated by dividing measured
CO by body sutface atea (BSA) where BSA=0.12 X (body
WCight)ZB. Systemic vascular resistance index (SVRI) and
pulmonaty vascular tesistance index (PVRI) was calcu-
lated by the following formulas and exptessed as dyne X
sec X cm /m” of BSA [SVRI=80 x (mean AP/CI), PVRI=
80 X (mean PAP-PCWP)/CI].

BAL fluid and histologic analysis

After gentle mixing, aliquots of unfiltered BAL fluid
was placed in a hemocytometer and total cell count was
undertaken in duplicate by a blinded obsetrver. Cytospin
pteparations were made and stained with Diff-Quik
staining. A total of 300 cells wete counted for differential
cell counts. A part of BAL fluid was centrifuged at 1,500
rpm for 10 min and its supernatent stored at -70C for
later protein quantification. Protein quantification was
done using a modification of Lowty micro method which
used a protein quantificaiton kit (Sigma, St. Louis, MO,
US.A) at 700 nm.

The removed lung tissues wete fixed in 10% formalin
and embedded in paraffin and stained with hematoxylin
and eosin for microscopic examination. Lung tissues from
the dependent and nondependent regions were assessed
semi-quantitatively using five point, four vatiable scoring
system. The specimen wete scored separately for hemot-
thage, edema, inflammation, and exudate on a 0-4 scale
(0: no change, 1=minimal, 2=mild, 3=moderate, 4=severe

Table 1. Criteria used in scoring histologic changes

changes), a modification of the method used by Kaisets
et al. (16) (Table 1) which was petformed by one of the
authors (JHH) who was blinded to the treatment protocol.

Statistical analysis

Results are expressed as mean=SEM. Baseline charac-
tetistics, parameters at preinjury baseline and postinjuty
baseline (0 min), total and differential cell counts, and
histologic changes were compared by Wilcoxon rank sum
test. Intergroup and intragroup comparisons ovetr time
wetre made using repeated measures analysis of variance
(ANOVA). Specific time points of intergroup differences
were assessed by using post-hoc Bonferroni’s test for
selected pairs and intragroup differences were analyzed
using post-hoc Dunnette’s test using time O min as the
baseline. Statistical analysis was done using SAS (SAS
Institute Inc., Cary, NC, U.S.A.) and Prism (GraphPad
Software Inc., San Diego, CA, U.S.A.) softwares.

RESULTS

The animals in the two groups had similar body
weights (9.1£0.5 kg for the control group, 9.50.5 kg
for the PLV group) and tidal volumes (15.5 0.8 mL/kg
for the control group, 16.9£1.0 ml/kg for the PLV
group). There was also no significant difference in gas
exchange, lung mechanics and hemodynamic parametets
at preinjury baseline and postinjury baseline (0 min) for
the two groups (Table 2) (p>0.05). All animals in the
PLV group completed the trial but two animals in the
control group did not survive the trial, thus data were
analyzed to 150 min due to the small number of sut-
viving animals in the control group.

Gas exchange

In the control group, PaQ, decteased to 68.7£3.5
mmHg at 0 min and it showed gradual deterioration to

Score  Hemorrhage Edema

Inflammation Exudate

0 None None

Mild congestion with focal ~ Minimal focal edema

1 . .
microscopic hemorrhage

Focal patchy hemorrhage, Perivascular edema, area

area <10% <10%
3 Multifocal hemorrhage, Perivascular edema, area
area 10-30% 10-50%

4 Diffuse hemorrhage Diffuse edema

None None

Scattered focal microscopic

infiltration Minute focal

Multifoci with inflammation,

Diffuse scattered, but not patchy area <10%

Foci of patchy infiltration intraalvecar  Area >10% or mucin pool
space involvement formation

Multifoci of microabscess formation Mucin lake
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Table 2. Respiratory and hemodynamic parameters of the two groups before lung injury and at postinjury baseline

Preinjury baseline

Postinjury baseline (0 min})

Control group PLV group Control group PLV group
pH 7.34 £0.01 7.32£0.02 7.03 £0.01 7.08 £0.04
Pa0, (mmHg) 5979+ 81 5735*=157 68.7 £35 78347
PaCO, (mmHgy) 38617 399+22 76.7 £51 67.7 =56
Shunt (%) 9013 120+ 21 64527 60.7 =2.7
Poiac (€mH:0) 128+1.0 126+0.8 254406 26.4+08
Cst/kg (mL/cmH.O/kg) 1.94 +£0.21 1.79+0.31 0.64 £0.06 0.59 +£0.02
Cl (Umin/m* of BSA) 4705 51x04 48+04 51=+05
MAP (mmHg) 1435+7.0 147145 1292 48 1134 +73
SVRI (dyne sec cm™/m?) 2,646 + 361 2,422 £235 2,234 +213 1,866 =197
MPAP (mmHg) 157+1.0 174+£09 21715 20.1 =11
PVRI (dyne sec cm™®/m?) 155.2+24.4 171.8 £20.1 237.0=£19.6 206.1 =222
PCWP (mmHg) 6.705 6.9+06 65+0.2 7.7+10

PLV, partial liquid ventilation; P,e, plateau airway pressure; Cst/kg, static compliance of the respiratory system normalized to body
weight; Cl, cardiac index; MAP, mean arterial pressure; SVRI, systemic vascular resistance index; MPAP, mean pulmonary artery pres-
sure; PVRI, pulmonary vascular resistance index; PCWP, pulmonary capillary wedge pressure

Data shown as mean=SEM.

50.616.9 and 46.7£7.1 mmHg at 120 and 150 min,
respectively (p<0.05 vs. O min) (Fig. 1A). In the PLV
group, Pa0O, was 78.3 4.7 mmHg at 0 min and showed
dose-dependent increase in response to sequential instil-
lation of PEC to 100.8%8.1 mmHg at 90 min which
was significantly improved compared to that of the con-
trol group (»<0.05). This difference was maintained till
150 min (Fig. 1A). At 0 min, PaCO; was similar for the
two groups (p>0.05) (Table 2, Fig. 1B). PaCO, increased
with time in both groups but to a lesser degree in the
PLV group to show a significant difference at 90 min
(104.3+11.4 mmHg in the control group, 73.2+£8.2
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mmHg in the PLV group), and the difference was main-
tained dll 150 min (Fig. 1B). Arterial pH showed similar
trend with PLV group showing significant differences at
120 and 150 min compared with those of the control
group (p<0.05, Fig. 2A).

In the control group, shunt markedly increased after
lung injury to 64.52.7%, which increased to 77.9%5.6
and 75.3£5.0% at 120 and 150 min (p<0.05 vs. 0
min) (Fig. 2B). In the PLV group, shunt decreased from
60.712.7% at 0 min to 52.214.2% at 90 min (p<0.05
vs. 0 min, p<0.05 vs. control group) and then showed
a slight increase to the level of 0 min and remained
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Fig. 1. Sequential changes in Pa0. (A) and PaCO. (B) in the control group (Control, closed circles, solid line, n=6) and the
partial liquid ventilation group (PLV, open circles, dotted line, n=7). Numbers in the parentheses denote numbers of animals surviving.

*0<0.05 vs. Control, "p<0.05 vs. 0 min within groups.
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Fig. 2. Sequential changes in pH (A) and shunt (B) in the control group (Control, closed circles, solid line, n=6) and the partial
liquid ventilation group (PLV, open circles, dotted line, n=7). Numbers in parentheses denote numbers of animals surviving.

*0<0.05 vs. Control, "p<0.05 vs. 0 min within groups.
stable for the duration of the study (Fig. 2B).

Lung mechanics

Static compliance in both groups at 0 min was similar
(Table 2, Fig. 3A). In the PLV group, six of the seven
animals showed increase in compliance (from 0.64-0.07
mL/emH,O/kg at 0 min to 0.70£0.02 mL/cmH,O/kg
at 30 min) but there was no significant difference in com-
pliance between the two groups (Fig. 3A). Py was de-
creased in the PLV group at 30 min with 24.4+0.5
cnH,O compared with that of postinjuty baseline of

08 r
0.7 t

0.6 §

05

4
04 | 4)

03 |

Compliance (mL/cmH,O/kg)
=

02

0.1

0 1 1 1 1 1 1 J

0 30 60 90 120 150 180 210

Time (min)

26.310.8 cmH,O (p<0.05). However, there was no
significant difference between the control and the PLV
group (Fig. 3B).

Hemodynamic parameters

Hemodynamic data are shown in Table 3. There was
no significant difference in all the parameters shown be-
tween the two groups. Both groups showed stable CI and
PCWP during the course of study while mean AP, mean
PAP, SVRI, and PVRI showed a similar trend for incre-
ment throughout the study duration.

35
B

30

25

.

—FPO‘HH
.
Hﬂh

2

Ppiat (cmH20)

....... PLV
—— Control

0 1 1 1 1 1 1 J
0 30 60 90 120 150 180 210

Time (min)

Fig. 3. Sequential changes in static compliance of the respiratory system (A) and plateau pressure (B) (P in the control group
(Control, closed circles, solid line, n=6) and the partial liquid ventilation group (PLV, open circles, dotted line, n=7). Numbers
in parentheses dencte the number of animals surviving. *p<0.05 vs. Control, Tp<0.05 vs. 0 min within groups.
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Table 3. Sequential changes in hemodynamic parameters in the two groups

Time Group Cl MAP SVRI MPAP PVRI PCWP
(min) (LU (mmHg) (dyne sec cm™/m?) (mmHg) (dyne sec cm™/m?) (mmHg)
0 Control 4.79+0.40 129.2+48 2,234 +521 217115 237.0£19.6 6.5£0.2
PLV 507£045 113.4+7.3 1,866 +£197 201 %141 206.1t£22.2 7.7+1.0

30 Control 434+0.27 142.0+4.8 2,683+219 245116 28861183 7.310.6
PLV 509=+047 114.0£90 1,869+£185 217115 218.3+£32.3 8.7+0.8

60 Control 4.32+0.50 156.17£7.1 2,918+180 282+24" 34281327 7.7£11
PLV 482+0.65 117.7£13.0 2,165+342 239+1.6 2711.2+£375 8.7+1.0

90 Control 450£0.50 169.2+8.82" 3,131+254 30.3+2.3" 38054141 77114
PLV 448+1.26 128.0+15.9 2,451 +440 261177 331.3+524" 8.6=x0.6

120 Control 473£044 1782+121" 3,109+250 340+1.97 4401+41 91 7.8+17
PLV 454+1.20 143.3+t16.4" 2,734+5121 291+217 372.7+58.8" 9.3£0.6

150 Control 466+0.45 162.8+14.71 2,933+411 343+397 4500+706" 9.2+28
PLV 481£1.30 150.7£15.3" 2,707 +467" 32442771 403.8+68.51 9.7+06

180 Control 425+0.74 171.3+£9.04 3,578 697 36.3+£1.8 558.2+146.4 10.5+38
PLV 4721124 157.0+£125 2,916 +532 346+3.0 4494+858 10.0£0.8

210 Control 482+0.51 153.8+21.4 3,499+725 36.8+£1.9 625.51163.0 10.0£3.3
PLV 462113 164.3+£14.2 3,102+583 353129 468.7£80.8 10.0£0.8

Control, control group; PLV, PLV group; Cl, cardiac index; MAP, mean arterial pressure; SVRI, systemic vascular resistance index; MPAP,
mean pulmoenary artery pressure; PVRI, pulmonary vascular resistance index; PCWP, pulmenary capillary wedge pressure
Data shown as mean=SEM. *p<0.05 vs. control group; 'p<0.05 vs. time O within groups

BAL fluid analysis and histologic findings

The number of nucleated cells in BAL fluid was sig-
nificantly decreased in the PLV group compared with
that of the control group (p<0.05) (Table 4). The pet-
centages of neutrophils and lymphocytes wete signifi-
cantly different between the two groups (p<0.05) (Table
4). The protein content in BAL fluid showed no signifi-
cant difference between the two groups (Table 4).

There were no significant differences in any of the
histological injuty scotes between dependent and non-
dependent regions in both groups; although there was
a tendency for more severe injuty in the dependent lung
regions (data not shown). There was also no significant
difference in scores for hemotrhage or edema. Howevet,
inflammation (3.3 0.4 vs. 2.1£0.3) and exudate 2.2+
0.4 vs. 0.7£0.2) scotes were significantly lower in the
PLV group compared with those in the control group

Table 4. Cell count, differential count and protein concen-
tration in bronchoalveolar lavage (BAL) fluid in the two groups

Control PLV
Cell count (x10%mL of BAL fluid) 1.01%=0.30 0.33£0.13*
Differential count
Macrophage (%) 45+14 19.3+8.2
Neutrophil (%) 91.3+2.1 65.0+10.1*
Lymphocyte (%) 3.3x0.7 15.0£3.5%

Protein (mg/dL of BAL fluid) 403.9+£63.3 31491440

Control, control group; PLV, partial liquid ventilation group
Data shown as mean=SEM. *p<0.05 vs. Control

(p<0.05) (Fig. 4, 5).

DISCUSSION

The major findings of this study are that PLV using
petfluorodecalin improved gas exchange and decreased
lung inflammatory responses in an acute lung injury
model with increased permeability. PLV significantly im-
ptoved PaQ,, PaCO,, and pH compared with the control
group, which was accompanied by a dectease in shunt.
There were significantly less inflammatoty cells in BAL
fluid and less inflammatoty responses in histology in ani-
mals ventilated with PLV.

Since its first description (2), PLV has been demon-
strated to be effective in vatious animal models of ARDS
including sutfactant-depletion by saline lavage (3, 16,
17), acid instillation (18), combination of saline lavage
and oleic acid infusion (19) and oleic acid infusion only
(4, 20, 21). These studies showed remarkable dose-depen-
dent improvement in gas exchange and sustained im-
ptovement of lung mechanics in sutfactant deficient
models (3, 17), but somewhat less of an effect in models
in which oleic acid was used (4, 19-21). We chose oleic
acid-induced lung injury model because it exhibits a dis-
ruption of the epithelial-endothelial bartier, which is the
majot pathophysiologic mechanism for lung injury seen
in ARDS patients.

The extent of injuty induced by oleic acid is dependent
on the dose, duration of injection period, location of in-
jection and also fluid management (22). The method
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Fig. 4. Photomicrograph of representative section of dependent lung (H&E, x100). A: Contol group specimen shows diffuse
interstitial and intraalveolar inflammatory cell infiltraion with edema along with intraalveolar exudate. B: Partial liquid ventilation group
specimen shows markedly less inflammatory cell infiltration and exudate compared with the control group.
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Fig. 5. Results of semiguantitative assessment of histopatho-
logic changes in the control group (open bars) and the partial
liquid ventilation (PLV) group (filled bars). Figures represent
average scores for dependent and non-dependent regions
(mean+SEM). See Table 1 for details. *p<0.05 vs. control.

used in this expetiment had shown to produce consistent
severe acute lung injury in out laboratory. We used pet-
fluotodecalin (petfluoro-decanaphtalin) in out expetiment
because the availability of petflubron for experimental as
well as for clinical putposes was testricted.

Our study teconfirmed the effectiveness of PLV using
PFC in imptoving gas exchange in acute lung injury. By
the third dose of petfluorodecalin (which was approxi-
mately FRC in our model), PaO; significantly improved

compated to the control group and this improvement
was maintained till 150 min. The decrease in oxygen-
ation after the first dose of petfluotodecalin at 30 min
seen in some dogs was noted by Parent et al. (23) using
a similar model in sheeps. This might be due to insuf-
ficlent recruitment of collapsed lung units by small dose
of PEC. Since we did not compensate for perfluorodecalin
lost through vaporization, the gradual decline seen in gas
exchange during expetriment could be explained in part
by this phenomenon. The improvement in oxygenation
was associated with a decrease in shunt. PaCO; and pH
values showed similar imptovements in the PLV group.

Although there was a tendency for dose-dependent in-
ctease in oxygenation, a significant difference was only
seen after petfluorodecalin approximating FRC was used
in out ventilator setting. These findings are different
from models using sutfactant depletion (3, 17) and con-
sistent with the results of Curtis et al. (4) who also used
oleic acid, suggesting that the mechanism of lung injuty
may be an important determinant of PLV efficacy. An-
other possible explanation for the smaller benefit than
expected in gas exchange patameters might be differences
in the PEC used. Most of the studies so far have exam-
ined the usefulness of petflubron which is the only
medical grade PFC available. In this study perfluoto-
decalin was used. Although two PFCs are similar in sut-
face tension (18 dynes/cm for petflubron and 15 dynes/
cm for perfluorodecalin at 25C) and solubility for oxygen
(53 mL 0/100 mL for petflubron, 49 mL O,/100 mL
for petfluorodecalin), perfluorodecalin has lower solubility
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for CO, (140 vs. 210 CO/100 mL for perflubron), and
mote importantly, has higher viscosity than petflubron
(2.90 vs. 1.10 centistokes at 25T) (24). It is well known
that viscosity is inversely correlated with the rate of diffu-
sion and higher viscosity of petfluorodecalin as opposed
to petflubron might have had an adverse effect on gas
exchange (25).

Most of the studies on PLV have shown significant
improvement in lung compliance. In sutfactant-depleted
model of ARDS in rabbits, a remarkable increase in lung
compliance after a small dose of PFC was obsetved, after
which further increase in compliance was not seen (3).
In oleic acid-induced lung injury in mongrel dogs, a low
dose of petflubron increased compliance significantly but
further instillation on the contrary reduced lung com-
pliance down to the level of the control group (4).

In our study a transient dectease in airway pressute,
thus increase in compliance were seen in all of the ani-
mals in the PLV group and at 30 min, Pp, was signifi-
cantly lower than the baseline (0 min) value. Further
instillation of PFC returned compliance and pressure to
the baseline values, overall showing no differences be-
tween the two groups. This is similar to the results of
other models using oleic acid showing less improvement
in compliance than sutfactant-deficient models. The phy-
sicochemical property of petfluorodecalin as opposed to
petflubron also might have influenced our result. Higher
viscosity of petfluorodecalin necessitates mote pressure to
move the fluid during ventilation (25) and this might be
one of the reasons that we did not see a significant differ-
ence in compliance between the two groups. Equation
for calculating SVRI usually includes right atrial pressute,
but since its contribution to SVRI is minimal we have
omitted tight atrial pressure as some of the other inves-
tigators have (26, 27).

Most of the animals in our model had liquid FRC
around 30 mL/kg (median 31.4 mL/kg) which is consi-
detably less than liquid FRC reported elsewhere in dogs
by Curtis et al. (4). These differences probably reflect dif-
ferences in strains of dogs used. Curtis et al. used mon-
grels with average weight of around 18 kg while our
model used beagles of around 9 kg in weight. Another
cause of this difference might be the method of lung
injuty induction used. In our model, volume of fluid
infused was considerably more than the model used by
Curtis et al. as we ttied to maintain adequate intravas-
cular volume throughout the study.

Although some authors teported poor histologic im-
ptovement by PLV (4, 16), many studies repotted im-
proved histology in animal models with PLV (18, 21,
28-31). PLV decreased diffuse alveolar damage scote
while reducing capillary diameter and septal wall thick-
ness and increased alveolar diameter in the lungs of oleic-
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acid injured sheeps that underwent PLV (29). PLV has
also been reported to decrease inflammation, hemot-
thage and edema (28) in sutfactant-depletion model of
neonatal piglets. Furthermotre, PLV has shown to de-
ctease lung neutrophil infilcration in the acutely-injured
lung (32, 33) and in hemotrhagic shock (34) models.
These findings are consistent with our findings of signifi-
cantly less inflammatoty cells in BAL fluid and decteased
inflammation and exudate in histologic sections in ani-
mals ventilated with PLV.

Performing BAL in the PFCilled lung is not stan-
dardized. Since PFC is much heavier than water and is
immiscible in neatly all aqueous solutions, it can displace
large volumes of secretion and inflammatory exudate into
the larger airways (8). The inflammatoty exudate floating
on top of PEC in the large airways does not reptesent
on-going alveolar inflammation and if chis fluid is in-
cluded in the BAL, this will increase cell counts and
protein contents in the BAL fluid disproportionately.
Conversely, large amount of PFC which is distributed
preferentially to dependent regions (35) might fill the
alveoli, blocking effective sampling of the alveoli in the
dependent regions where inflammation should be the
greatest. Thus to minimize the effect of PFC on BAL
fluid analysis, we carefully aspirated PFC from the tra-
chea before performing BAL and used relatively large
volumes of saline (35 mL/kg).

Also to validate our method of BAL, we performed
a separate set of expetriments in uninjuted dogs which
were ventilated in the same manner as our experiment.
BAL was done according to our original methods except
that both right and left lungs were lavaged separately.
Dogs ventilated with gas ventilation (n=2, 4 separate
lungs) and PLV (n=2, 4 separate lungs) had similar pro-
tein levels (20.0£5.7 vs. 32.1£6.7, p=0.20 by Mann-
Whitney U Test), cell counts (0.31+0.06 X 10%/mL vs.
0.30+0.08 X 10%/mL, p=1.0), and differential counts for
macrophages (76.0£2.5% vs. 75.316.6%, p=1.0), lym-
phocytes (14.52.6% vs. 17.8%7.1%, p=1.0) and neu-
trophils (6.312.0% vs. 7.010.7%, p=0.49). These data
suggest that sampling of the alveoli could be done to
the same extent even in the presence of PFC by our
method of BAL. Similar BAL fluid protein concentration
seen in this study (Table 4) also suggests BAL was
effectively done in the PLV group. Even with these data,
we cannot completely rule out the possibility that the
inherent limitations in the BAL method might have
influenced our results.

The mechanisms of this anti-inflammatory effect may
be diverse. First, PEC itself has anti-inflammatoty effects
which may attenuate lung inflammation. PFC decreased
in vitto production of reactive oxygen species (12) and
nitrogen intermediates (36) by alveolar mactophages,
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neuttophils exposed to PFC showed less H,O, produc-
tion and chemotaxis (13), and perflubron decreased in-
flammatoty cytokine production in LPS-stimulated hu-
man alveolar macrophages (14). Moteover, PFC may af-
fect receptor-ligand binding in neutrophils (37). Second,
PLV may attenuate lung inflammation by teducing ven-
tlatot-induced lung injuty. Injutious ventilatoty strategies
can cause inflammation and ARDS-like changes through
ovetdistension and cyclic opening and closing of alveoli
(38). PLV may prevent cyclic opening and closing of
alveoli in the dependent lung through its “liquid PEEP”
effect and its sutface tension reducing propetties tecruit-
ing them for ventilation. Third, PLV with PFC may de-
crease inflammation and exudate by clearing the airways
of tissue debtis and inflammatory cells with its lavage
effect. Heavy density of PFC allows inflammatoty exudate
to float to the proximal aitways, thus clearing inflam-
matoty exudate from the site of lung damage (39) which
would benefit the host by reducing inflammation.
Whether the reduced inflammation that we obsetved
reflects direct anti-inflammatory effect of PFC, decteased
ventilator-associated lung injury, ot lung lavage of inflam-
matoty exudate is not clear from this study. It would
be possible all three mechanisms conttibuted to the anti-
inflammatory effect of PLV. Regardless of its mechanism,
the effect of reduction in inflammation would be bene-
ficial to patients with severe acute lung injury preventing
further lung injury and possibly systemic organ failure
(40).

In conclusion, PLV can improve gas exchange in the
acutely-injured lung, which is accompanied by decrease
in shunt and inflammatory tesponse. Exact mechanism
of this anti-inflammartory effect of PLV needs further
clarification.
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