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EXPERIMENTAL

Effects of inhalation of perfluorocarbon
aerosol on oxygenation and pulmonary
function compared to PG, inhalation

in a sheep model of oleic acid-induced

lung injury

Abstract Objective: To evaluate the
effects of PFC aerosol compared to
PGI, aerosol and NaCl aerosol on
gas exchange and lung mechanics in
oleic acid-induced acute lung injury.
Design: A prospective, controlled,
randomised, in vivo animal labora-
tory study.

Setting: Research laboratory at an
university hospital.

Subjects: Twenty one (n = 21) adult
sheep of either gender weighing
26.8 + 6.4 kg.

Interventions: The animals were
randomised to three groups: PFC
aerosol (perfluorooctane), PFC
group; prostacyclin aerosol (Flolan),
PGI, group; and NaCl aerosol
(0.9% sodium chloride solution),
control group. After induction of
anaesthesia and placement of vas-
cular catheters, lung injury was in-
duced with 0.12 ml-kg™! oleic acid.
Aerosols were continuously admin-
istered for 2 h using a jet nebuliser.
Gas exchange, pulmonary mechan-
ic, and haemodynamic parameters
were obtained at regular intervals.
Measurements and main results:
PFC aerosol increased oxygenation
(PaO,) 15 min after the initiation of
treatment up to 120 min (P < 0.05).
Transpulmonary shunt improved in
the PFC group (P < 0.05) while it
did not change in the two other
groups. PFC aerosol reduced maxi-
mum airway pressure (P,,,) (medi-
an) significantly from (median)

38 mbar to 32 mbar (P < 0.05). Stat-

ic compliance improved significant-
ly in the PFC group (P < 0.05).
Conclusion: The inhalation of a PFC
aerosol led to a significant improve-
ment in pulmonary mechanics and
gas exchange, which was not ob-
served in the other two groups.
These data suggest that a small dose
of perfluorocarbon will have benefi-
cial effects on gas exchange and re-
spiratory mechanics. Therefore, the
non-invasive aerosol application
technique seems to be a reasonable
alternative to administer perfluoro-
carbons in severe lung injury.

Key words Acute lung injury -
Perfluorocarbons - Aerosol - Jet
nebuliser - Prostacyclin - Oleic acid -
Low surface tension - Surfactant
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Introduction

The pulmonary route as a method of drug delivery is
readily accessible during mechanical ventilation. In
acute lung injury or acute respiratory distress syndrome
(ARDS) [1, 2] substances such as nitric oxide (NO),
surfactant, prostacyclin (PGI,), zaprinast, and per-
fluorocarbons (PFCs) are administered via this route
for therapeutic purposes [3, 4, 5, 6, 7, 8, 9, 10]. This
mode of application might be of advantage because of
the direct contact with the target organ. Furthermore,
as in case of prostacyclin or zaprinast, systemic side ef-
fects of the intravenous route are avoided. Perfluorocar-
bons directly applied into the alveolar space are very
promising substances in the treatment of experimental
lung injury. Due to their specific characteristics such as
low surface tension, and high oxygen and carbon dioxide
solubility, they are attractive substances for intra-alveo-
lar application. PFCs are usually applied into the alveo-
lar space of injured lungs as liquids in form of total liquid
ventilation (TLV) or partial liquid ventilation (PLV). In
experimental settings both techniques were associated
with a significant improvement in gas exchange and me-
chanical lung function [11, 12, 13, 14, 15]. Clinical trials
with PLV have shown an improvement in oxygenation
as well as some unexpected adverse side effects linked
to the mode of PFC application as a liquid. Transient hy-
poxic events during dosing episodes, as well as pneumo-
thoraces, and PFC leakage into the pleural cavity oc-
curred due to bulk movement of the liquid PFC [16,
17]. Therefore, alternative PFC application techniques
should be developed to take advantage of the positive
effects of PFC and avoid the risks involved in liquid ap-
plication. Recently, our group was able to demonstrate
an improvement of oxygenation and lung mechanics
due to vaporised PFC in experimental ARDS [18]. De-
vices for aerosol application are widely used in mechan-
ically ventilated patients. Since aerosol therapy with
PGI, was successful in improving oxygenation and pul-
monary hypertension in patients with ARDS [5, 19, 20],
this technique may also be practicable for the applica-
tion of perfluorocarbons. Therefore, we hypothesised
that the application of a PFC aerosol may be an alterna-
tive technique for alveolar PFC application. The aim of
the present study was to investigate the effects of PFC
aerosol inhalation on oxygenation, lung mechanics, and
pulmonary perfusion in an oleic acid-induced model of
ARDS and to compare it to an established mode of
aerosol treatment in ARDS.

Materials and methods

The study was performed after approval by the ethics committee of
the University Hospital, and with permission from the local gov-
ernment (Regierungsprasidium Dresden, AZ 75-9168.11-1.19/96)

in accordance with the “Deutsche Tierschutzgesetz” and the Hel-
sinki convention for the use and care of animals.

Animal preparation

Adult sheep of either gender (n = 21) weighing 26.8 + 6.4 kg were
premedicated with xylazine hydrochloride (0.4 mg) (Rompun
2%, Bayer, Leverkusen, Germany). Anaesthesia was induced
with midazolam (0.2 mg - kg™!) (Dormicum, Hoffmann-LaRoche,
Grenzach, Germany), ketamine (1-2 mg - kg™'), and pancuronium
(0.1 mg - kg') (CuraMED, Karlsruhe, Germany). Anaesthesia
was maintained with a continuous infusion of ketamine (8 mg -
kg -h'), midazolam (0.7mg-kg!'-h™'), and pancuronium
(0.05 mg - kg™! - h™!). After intubation (endotracheal tube 8.0 mm;
Mallinckrodt, Athlone, Ireland), mechanical ventilation was per-
formed using a Servo 900C (Siemens-Elema, Solna, Sweden) in a
volume-controlled mode at a rate of 20 min™, tidal volume of
10 ml - kg™, PEEP of 5 mbar, FiO, of 1.0, and an inspiratory/expi-
ratory ratio of 1:1. To achieve normocapnia, respiratory frequency
was adjusted according to blood-gas analysis. During inhalation of
the different aerosols, tidal volume and total inspiratory flow rate
remained unchanged.

Fluid losses were replaced by intravenous infusion of crystal-
loid solution (E153, AWD, Dresden, Germany) and colloid solu-
tion (HES 6 %, Fresenius, Bad Homburg, Germany) at a rate of
5-10ml - kg - h™'. ECG was derived by needle electrodes. The
left common carotid artery was surgically exposed and cannulated
with an 18 G arterial line (Vygon, Ecouen, France) to obtain arte-
rial blood pressure as well as arterial blood samples. The arterial
cannula as well as a pulmonary artery catheter (8 Fr, Abbott, Ill.,
USA) were connected to pressure transducers (Ohmeda, Erlan-
gen, Germany). The p.a. catheter was inserted into the left jugular
vein and advanced into the pulmonary artery to obtain pulmonary
artery pressure (PAP), pulmonary capillary wedge pressure
(PCWP), central venous pressure (CVP), core body temperature,
and mixed venous blood samples. Both pressure transducers
were referenced to atmospheric pressure at the level of the right
atrium. Cardiac output (CO) was measured by the conventional
thermodilution technique using bolus injection of 10 ml cold sa-
line solution (5-10 °C) and calculated as the mean of three mea-
surements arbitrarily performed during different phases of the res-
pirator cycle. Extravascular lung water (EVLW) and intrathoracic
blood volume (ITBV) were measured by a thermal dye dilution
technique using the COLD-System (COLD Z-02; Pulsion Medi-
zintechnik, Munich, Germany). Therefore, an artery catheter
equipped with infrared fibreoptics and a thermistor (4F-FT-PUL-
SIOKATH, Pulsion Medizintechnik, Munich, Germany) was in-
serted in the left carotid artery. For measurements, 10 ml glucose
5% containing 1.0 mg - mI™! indocyanine green dye at 04 °C was
injected into the right atrium per bolus injection [21]. A urinary
catheter was inserted to determine the fluid balance. In addition,
an orogastric tube was inserted to alleviate gastric distension.
The animals remained in the prone position throughout the exper-
iment.

Preparation of drugs

Perfluorooctane

The perfluorocarbon used in this study — perfluorooctane (CgF,g)
(ABCR, Karlsruhe, Germany) — is a purified substance (90%).

This substance is characterised by the following chemical data: mo-
lecular weight 438 g, density 1.74 g-ml™, vapour pressure of
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60.9 mmHg at (37 °C), boiling point 100-105 °C, oxygen solubility
52.1 mlO, - 100ml™, viscosity 0.85 cs-°C"!, surface tension 13.9
dyn - cm™. Perfluorooctane is a clear, colourless, and chemically
inert liquid which is not miscible with aqueous solutions.

Prostacyclin (PGIL,)

The crystalline epoprostenol (0.5 mg) ([5Z.9a,11a,13E,15S]-6,9-
epoxyl1,15-dihydroxyprosta-5,13-dien-1-oic-acid) (Flolan, Glaxo
Wellcome Pharma, Vienna, Austria) was dissolved in 50 ml aque-
ous glycine buffer solution of pH 10.5, which led to a concentration
of 10,000 ng - mI"!. Immediately before use, this solution was dilut-
ed to the appropriate concentration (1,500 ng - ml™!) with normal
saline. This solution was used directly for aerosolisation and result-
ed in dose of 50 ng - kg™ - min~!,

Isotonic sodium chloride solution (0.9 % NaCl)

In the control group sterile saline solution (0.9 % NaCl, Fresenius,
Bad Homburg, Germany) was nebulised.

Administration of the aerosols

Aerosolization was achieved with the help of a synchronised elec-
tromagnetic gas valve (Servo Nebulizer 945, Siemens Elema, Sol-
na, Sweden) connected to the Servo 900C ventilator. The nebuliser
gas flow (100 % O,) synchronised by an inspiratory signal from the
ventilator was directed to a standard nebuliser chamber, which was
positioned in the inspiratory limb just proximal the Y-piece (Cir-
rus, Intersurgical, St Augustin, Germany). To avoid disconnecting
the ventilator circuit (loss of PEEP) the chamber was modified to
allow permanent refilling during aerosolisation. Using this particu-
lar nebulising chamber with flow rates of 81 - min™, aecrosol parti-
cles with a diameter of 0.5-10 um with a mean particle size of
3.5 um MMD (mass median diameter) (aqueous solutions) were
created (manufacturers information). The flow rate through the
chamber in these experiments was 14 1 - min™ which further reduc-
es the particle size of the aerosol. The size of the particles was not
measured in this study; however, as shown by Zwissler et al., this
respirator and nebuliser setting creates an aerosol with a mean par-
ticle size of 3.1 um MMD [29]. Due to the different chemical prop-
erties, perfluorocarbon aerosols created by the described setting
may differ in particle size if compared to aqueous solutions. There-
fore, we can only assume that there are no major differences in the
particle sizes between aqueous and PFC solutions. This issue has to
be addressed in further studies.

Experimental protocol

After surgical preparation and a stabilisation period of 30 min,
PaCO, was adjusted to between 5.0-5.8 kPa. Thereafter, baseline
measurements were taken. Lung injury was induced by injecting
of 0.12 ml oleic acid (C;3H;,0,) - kg™ body weight emulsified in
15-20 ml of previously extracted blood over 30 min into the right
atrium. Severe lung injury was considered established when the
PaO,/FiO, ratio was <200 and the PCWP was < 19 mmHg [2].
Previous studies had shown that this protocol results in a severe
lung injury after 30-90 min [22].

After fulfilling the criteria of severe lung injury the three differ-
ent therapeutic regimens were implemented in a randomised or-
der:

1.PFC group (n=7): inhalation of perfluorooctane (CgFis);
1.3ml - min~" (2.8 ml- kg™ - h™).

2. Prostacyclin group (PGI, group) (n = 7): inhalation of a median
dose of 50 ng - kg™' - min~! epoprostenol.

3. Control group (n = 7): inhalation of warmed sterile NaCl solu-
tion 0.9% 1.3 ml - min..

The animals in the three different groups were treated for 120 min.
All animals were killed after the end of the experiment.

Measurements and data acquisition

Haemodynamic data were collected every 10 s using a Merlin mon-
itoring system (Hewlett Packard, Boblingen, Germany). A com-
plete set of measurements was obtained at baseline, at the time of
established lung injury, 15 min and 30 min after therapy onset,
and at 30 min intervals thereafter until the end of the experiment
(120 min). Pulmonary vascular resistance (PVR) was calculated
as (mean PAP-PCWP/CO - 79,9 = PVR dyn - s - cm™).

Arterial and mixed venous blood samples were taken with hep-
arin-coated syringes and determined by a blood gas analyser
(AVL-995-S, Graz, Austria). Transpulmonary shunt (Qsp/Qt) was
calculated according to the standard equation: Qsp/Qt = (CcO, —
Ca0,)/(CcO, — CvO,). Respiratory parameters such as tidal vol-
ume (V;p), peak inspiratory pressure (P,,,), inspiratory plateau-
and mean pressures, and PEEP were measured by an integrated
strain gauge transducer within the Servo 900C ventilator. Tidal vol-
umes were measured in the expiratory limb of the ventilator by a
strain gauge flow transducer. Static lung compliance was calculated
using C = V/(Ppl-PEEP) - kg™ body weight, where Vis the tidal
volume, Ppl is the end-inspiratory plateau pressure, and PEEP is
the positive end-expiratory pressure.

Statistics

Data are presented as median, Q1/Q3 quartiles, and minimum and
maximum in the figures and as median and minimum and maxi-
mum in the table. Baseline values were analysed separately
with Student’s t-test. Statistical analysis was performed using an
ANOVA for repeated measurements corrected with Bonferroni’s
procedure (SPSS 10.07, statistical software). With this program, ef-
fects of groups, effects of time, and interactions between time and
groups were analysed. The premises for the analyses were tested.
A P value of < 0.05 was taken as a significant level [23].

Results

At baseline the animals were haemodynamically stable
and comparable in their pulmonary situation. There
was merely a significant difference in mPAP between
the PFC group and the two other groups (Table 1). In-
jection of oleic acid induced acute lung injury after ap-
proximately 75 min in all animals. After induction of
lung injury there were no significant differences be-
tween the three groups in the observed parameters (Ta-
ble 1, Figs. 1,2, 3, 4, 5).
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Table 1 Haemodynamic and respiratory data of the experiments at different measurement points. Measurements at BL = baseline,
1 =injury, and 15, 30, 60, 90, and 120 min after onset of treatment. Data shown as median and minimum and maximum

Group Baseline Injury 15 min 30 min 60 min 90 min 120 min
HF(min!)  NaCl 104(85/120)  105(50/146)  124(106/150) 132(110/146)  133.5(106/139) 126(108/149)  127(97/212)
PFC  96(77/128)  115(83/145)  111(94/150)  120(82/145)  118(86/147) ~ 116(75/150)  118(92/155)
PGIL, 115(87/129)  104(91/180)  116(93/150)  116(91/149)  124(95/160)  122(108/152) 123(94/148)
MAP(mmHg) NaCl 106.5(95/132) 96(49/124)  94.5(54/128)  92.5(57/135)  90(78/130)  93.5(68/143)  96(93/137)
PFC  102(94/107)  92(72/143)  98(63/122)  99(79/137)  100(83/127)  101(84/130)  97(45/136)
PGI, 106(89/135)  92(73/119)  98(64/121)  92(69/109)  80(68/102)  85(67/107)  69(43/88)
mPAP NaCl  20.0(10.0/27.0) 33.5(27.0/53.0) 30.0(28.0/38.0) 34.0(31.0/36.0) 34.5(33.0/39.0) 34.0(32.0/45.0) 32.0(31.0/45.0)
(mmHg) PFC  9.0(8.0/23.0)  29.0(17.0/41.0) 24.0(14.0/43.0) 24.0(13.0/41.0) 25.0(11.0/45.0) 28.0(12.0/44.0) 25.0(12.0/44.0)
PGI, 21.0(15.0/25.0)* 40.0(24.0/49.0) 33.0(22.0/49.0) 35.0(22.0/54.0) 33.0(23.0/53.0) 42.0(21.0/52.0) 39.0(24.0/50.0)
CVP NaCl 7.0(1.0/18.0) 6.5(3.014.0) 10.0(1.0/16.0) 9.5(4.0/16.0)  8.0(4.0/10.0)  10.0(4.0/12.0) 11.5(4.0/21.0)
(mmHg) PFC  7.0(5.0/11.0) 7.0(3.017.0) 5.0(10/16.0) 4.0(2.0/16.0) 5.0(1.0/17.0) 5.0(1.0/17.0)  7.0(1.0/15.0)
PGL, 7.0(5.0/13.0) 10.0(4.0/15.0) 10.0(4.0/17.0) 8.0(5.0/16.0)  10.0(5.0/17.0) 14.0(5.0/18.0) 15.0(6.0/22.0)
PCWP NaCl 12.0(10.0/18.0) 14.5(10.0/18.0) 13.0(10.0/16.0) 13.5(12.0/19.0) 13.5(11.0/16.0) 13.0(9.0/19.0) 13.5(9.0/20.0)
(mmHg) PFC  80(5.0/13.0)  9.0(8.0/16.0)  8.0(2.0/17.0) = 10.0(2.0/16.0) 11.0(5.0/17.0) 10.0(1.0/18.0) 11.0(1.0/16.0)
PGI, 14.0(10.0/17.0) 14.0(10.0/17.0) 14.0(8.0/18.0) 14.0(10.0/18.0) 13.0(9.0/19.0) 16.0(11.0/18.0) 16.0(10.0/19.0)
ITBV NaCl 675(444/776) 468(345/810) 389(141/732)  356(211/465) 458(390/549)  584(424/598)  483(212/558)
(ml - m™2) PFC  532(315/964) 421(322/690) 537(337/600)  556(369/722)  463(269/742)  659(356/695)  695(377/799)
PGL, 1070(483/1167) 820(364/988)  591(387/776)  638(366/969)  576(376/775)  539(349/728)  617(393/840)
CO (1-min') NaCl 29(1.8/3.7)  22(1.83.8)  2.0(1.2/4.0)  23(1.0/50)  2.5(1.734)  2.6(1.7/44)  32(2.1/45)
PFC  2.6(2.0/17.0) 25(1.7150) 24(1.6/41)  27(13/5.6)  2.8(1.7/55)  2.7(2.0/49)  3.0(2.0/3.6)
PGL, 25(1.9/64)  24(13/43)  2.1(1.6/6.6)  22(1.7/7.3)  24(1.7/6.6)  28(2.1/55)  3.1(1.8/5.4)
PVR NaCl 230(196/317)  705(360/1271) 826(378/876) 744(316/1306) 766(467/970) 672(422/1168) 607(389/714)
(dyn-s-cm®) PFC  97(27/303)  415(96/1182)  442(322/1290) 413(269/1248) 404(146/1348) 495(291/975)  416(288/1130)
PGI, 170(73/335)  793(293/1967) 733(181/1568) 788(165/1498) 702(133/1319) 802(205/1364) 548(268/1481)
PaCO, (kPa) NaCl 6.4(4.9/80)  7.3(4.9/10.9) 80(57/12.1) 9.4(7.2/123) 9.7(7.1/15.6)  10.0(7.2/16.8) 9.9(6.8/16.9)
PFC  58(53/63)  64(53/11.7) 6.0(4.9/89)  6.1(5.009.5)  7.1(53/11.7) 7.6(52/12.1) 7.2(5.5/11.3)
PGI, 50(42/59)  7.1(52/11.6) 9.8(6.9/11.6) 9.1(8.0/11.5) 9.8(8.2/12.3) 11.7(8.6/153) 11.8(10.7/17.0)
EVLWI NaCl 14.6(6.8/23.0) 13.9(11.0/24.7) 19.0(12.3/51.9) 29.3(15.4/56.0) 22.7(16.8/37.2) 19.3(15.5/31.2) 20.3(19.3/30.7)
(ml - kg™ PFC  12.6(8.1/14.7) 22.5(16.4/30.4) 21.8(19.3/24.3) 21.7(21.0/22.0) 20.3(19.4/24.6) 20.0(17.0/26.4) 19.5(17.1/28.6)
PGL, 63(2.5/12.6) 27.5(15.8/27.8) 26.0(14.2/37.7) 16.8(14.6/36.8) 29.3(15.5/43.0) 32.9(18.4/47.3) 36.3(20.9/51.7)
Haemodynamics not change in PaO, throughout the therapy phase. To

There were no significant changes throughout the ex-
periment in heart frequency (HF), mean arterial pres-
sure (MAP), central venous pressure (CVP), pulmonary
capillary wedge pressure (PCWP), cardiac output (CO),
and intrathoracic blood volume (ITBV) (Table 1.). Af-
ter induction of lung injury, pulmonary arterial pressure
(mPAP), pulmonary vascular resistance (PVR), and ex-
travascular lung water index (EVLWTI) increased signifi-
cantly compared to baseline in all groups similarly and
remained elevated throughout the whole observation
period (Table 1).

Gas exchange

The administration of PFC aerosol led to a significant
increase in PaO, from 15 min onwards when compared
to the two other groups (P < 0.05) (Fig. 1). Maximum
PaO, (median 27.14 kPa) was reached 90 min after
lung injury. The PGI, group and the saline group did

give more detailed information, the PaO, of the PFC
group is shown in a scatterplot in (Fig. 2). Although the
response to treatment presents considerable dispersion
there was an improvement in PaO, in all animals, with
the exception of one animal (animal 3) which had a low-
er PaO, already at baseline (Fig.2). PaCO, did not
change during the aerosolisation and showed no signifi-
cant difference between the three groups (Table 1). In-
halation of PFC aerosol reduced transpulmonary shunt
over time which reached statistical significance at
90 min (P < 0.05) (Fig. 3).

Pulmonary mechanics

The administration of PFC aerosol was associated with
a significant improvement of pulmonary mechanics.
Peak inspiratory pressure (P,,,) decreased significantly
in the PFC group with respect to injury, 30 min after
start of inhalation from (median) 38 mbar to 32 mbar
and remained unchanged at this level throughout the
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Fig.1 Arterial oxygen partial pressure PaO, (kPa) (y-axis) over
time (min) (x-axis). Measurements at BL = baseline, I = injury,
and 15, 30, 60, 90, and 120 min after onset of treatment. Values
shown in boxplots (median, Q1/Q3 quartiles, minimum/maximum).
NaCl group = open box; PFC group = hatched box; PGI, group =
grey box. The increase of PaO, in the PFC group over time is statis-
tically significant compared to injury (P < 0.05) and compared to
both other groups. * PFC group significantly different compared
to PGI, group (P < 0.05); * PFC group significantly different com-
pared to NaCl group (P < 0.05) at this measurement point

whole therapy period. In the two other groups there
was no change during aerosol inhalation. The course
of Pmax of the PFC group over time was significantly
different to the two other groups (P < 0.05) (Fig. 4).
The inhalation of perfluorooctane-aerosol improved
static compliance significantly from (median) 0.30 ml -

Fig.2 A scatterplot of PaO, of
each individual animal of the
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Fig.3 Transpulmonary shunt (%) (y-axis) over time (min) (x-
axis). Measurements at BL = baseline, I = injury, and 15, 30, 60,
90, and 120 min after onset of treatment. Values shown in boxplots
(median, Q1/Q3 quartiles, minimum/maximum). NaCl group =
open box; PFC group = hatched box; PGI, group = grey box. The
difference in transpulmonary shunt reaches statistical significance
after 60 min after start of therapy between the PFC group and the
PGI, group (P < 0.05). * PFC group significantly different com-
pared to PGI, group (P < 0.05); * PFC group significantly different
compared to NaCl group (P < 0.05) at this measurement point

mbar™! - kg™ after injury to 0.37 ml - mbar™! - kg™! after
15 min (P < 0.05) (Fig.5). Improvement of lung com-
pliance in the PFC group was significantly different
throughout the whole treatment period as compared
to the two other groups. Extravascular lung water in-
dex, observed in five animals in each group, consider-

PFC group over time. Mea-
surements at BL = baseline,

I = injury, and 15, 30, 60, 90, and
120 min after onset of treat-
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Fig.4 The peak inspiratory pressure P, (kPa) (y-axis) over time
(min) (x-axis). Measurements at BL = baseline, I = injury, and 15,
30, 60, 90, and 120 min after onset of treatment. Values shown in
boxplots (median, Q1/Q3 quartiles, minimum/maximum). NaCl
group = open box; PFC group = hatched box; PGI, group = grey
box. The reduction of P,,,,, over time in the PFC group is statistical-
ly significant compared to injury (P < 0.05) and compared to both
other groups (P < 0.05). * PFC group significantly different com-
pared to PGI, group (P < 0.05);  PFC group significantly different
compared to NaCl group (P < 0.05) at this measurement point

08

ng

S; 0,5 T [
:E — .
o * g ow \ * i
£ 04 ]
- = Group
0,3 I @ l I
=26 o (fi[l =
0,2 T = I = ch
0,1 DF‘GI;
BL I 15 30 &1 a0 120
Time [min]

Fig.5 Static compliance C (ml - mbar™ - kg™!) (y-axis) over time
(min) (x-axis). Measurements at BL = baseline, I = injury, and 15,
30, 60, 90, and 120 min after onset of treatment. Values shown in
boxplots (median, Q1/Q3 quartiles, minimum/maximum). NaCl
group = open box; PFC group = hatched box; PGI, group = grey
box. The increase of compliance over time in the PFC group is sta-
tistically significant compared to injury (P < 0.05) and compared to
both other groups (P < 0.05). * PFC group significantly different
compared to PGI, group (P < 0.05); * PFC group significantly dif-
ferent compared to NaCl group (P <0.05) at this measurement
point

ably increased after oleic acid injection without any fur-
ther change in all groups (Table 1).

Discussion

Perfluorocarbons are well known to improve gas ex-
change, shunt, and lung compliance in studies of total
or partial liquid ventilation or vaporisation [11, 12, 13,
14, 15, 18]. In contrast, their effects as therapeutic aero-
sols are poorly investigated. The current paper reports
on the effects of inhalation of perfluorooctane aerosol
compared to prostacyclin aerosol and saline aerosol in
an ovine model of oleic acid-induced ARDS. The oleic
acid model was selected because it is known for its reli-
ability in causing severe lung injury and has been re-
peatedly used to study the consequences of lung injury
as well as in evaluating treatment strategies [22]. The
perfluorocarbon mostly used for partial liquid ventila-
tion is perfluorooctylbromide (CgF;,Br), which is not
freely available for experimental or clinical purpose.
Therefore, we used a PFC (perfluorooctane) with simi-
lar physico-chemical properties. Furthermore, per-
fluorooctane had been used for PLV successfully [24,
25].

At baseline all animals were comparable. The higher
mPAP in the two control groups at baseline might indi-
cate that there was a considerable lung injury already.
However, after induction of lung injury there was no dif-
ference between the groups. Therefore, this difference
in mPAP is probably accidental and has no influence
on the results of the aerosol therapy.

The inhalation of perfluorocarbon aerosol has no in-
fluence on haemodynamic parameters such as heart
rate, mean arterial pressure, mean pulmonary pressure,
wedge pressure, cardiac output or intrathoracic blood
volume. Looking at the haemodynamic parameters,
some results in the PGI, group were unexpected. In
the current study, inhalation of PGI, aerosol had no ef-
fect on mean pulmonary arterial pressure or gas ex-
change as described in previous studies [5, 8, 19, 26,
27]. This result might be explained by the severity of in-
jury and by the extent of pulmonary vasoconstriction
induced by mediators like thromboxane (TXA,). In a
canine study, Welte et al. were not able to counteract
the effects of a thromboxane analogue by PGI, aerosol
inhalation up to dosages of 50,000 ng - kg™' - min™" [28].
Second, oleic acid leads to pulmonary arterial hyperten-
sion induced by pulmonary microembolism. This patho-
genesis might be resistant to PGI, treatment, or might
need a higher dosage of PGI, to reduce pulmonary arte-
rial pressure. This hypothesis is in concordance with
data by Zwissler et al. who were not able to improve
mPAP in a model of oleic acid-induced lung injury by
PGI, inhalation [29]. Furthermore, there is no clear ef-
fective dosage of PGI, described in the literature. The
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dosage varies between 1 ng-kg™ - min~! and 10,000 ng -
kg™ - min™! in different studies and species [5, 8, 19, 20,
27, 28, 29]. In a study in children with severe ARDS,
the same nebulised dose PGI, (20 ng - kg™' - min™!) had
different effects in the same child if applied at different
time points [19]. Furthermore, due to the aerosol tech-
nique, there is a difference between the nebulised
amount of drug and effective amount in the alveolar
space. It is known from different studies that, depend-
ing on the technique, approximately 2-22 % of the ne-
bulised amount will effectively reach the alveolar sur-
face [10, 30, 31, 32].

The improvement in gas exchange and pulmonary
mechanics were frequently seen in PLV [11, 12, 13].
However, using the technique of liquid ventilation, usu-
ally large amounts of perfluorocarbon liquid are admin-
istrated into the alveolar space, which may compromise
cardiac output or lung mechanics due to the increasing
weight of the liquid-filled lung [15, 33, 34]. Administrat-
ing drugs by inhalation as an aerosol or as a vapour as
demonstrated by our group recently [18], has the advan-
tage of presenting small amounts to the alveolar space
of ventilated lung regions without these liquid-bulk ef-
fects. The small particles of PFC fluid generated by ne-
bulisation are transported by the inspiratory gas flow to
the surface of the alveoli. Due to their specific charac-
teristics (low surface tension, positive spriting coeffi-
cient, oxygen transport) the perfluorocarbon may form
a new air-liquid interface. However, it is thought that
therapeutic aerosols must reach the alveolar space to
be effective. Depending on placement of the nebuliser
in the respiratory circuit, gas flow through the nebuliser
chamber, respiratory frequency, tidal volume, type of
the nebuliser, and duration of the aerosol application,
the dose that actually reaches the alveoli oscillates be-
tween 2% and 22 % of the amount delivered into the
nebuliser chamber [30, 31, 32]. Although we exactly
measured the amount of substance that was aerosolised
in the chamber, we do not know the amount of PGI, or
PFC that actually reached the targeted alveolar surface.
The loss of substance can be due to trapping on walls of
the nebuliser chamber, ventilator, and endotracheal tub-
ing, tracheal surface or simply by exhalation [10, 19, 30,
31, 32]. To overcome some of these drawbacks of aero-
sol therapy, we used a high flow, continuous-filled, jet
nebuliser placed in the inspiratory limb of the ventilator
circuit as proposed by O’Doherty [31]. We did not use
an ultrasonic nebuliser because of the unknown effects
of high energy ultrasonic oscillations on the perfluoro-
carbon molecule with a possible release of fluoride radi-
cals.

In this current study we demonstrated an improve-
ment in gas exchange and ventilatory mechanics due to
inhalation of perfluorooctane compared to the other
groups. Oxygenation started to increase in the PFC
group after 15 min and reached a maximum after

90 min of PFC inhalation (Fig.1). The improvement
over time suggests a cumulative effect of PFC inhala-
tion. However, as shown in the scatterplot of PaO,, the
effect of PFC aerosol on PaO, is notably variable.
Whereas six animals improved in PaO,, animal 3 did
not improve over time (Fig. 2). This response might be
influenced by an impaired gas exchange already existing
at baseline. The variable improvement of PaO, might be
caused by the dispersion of the severity of lung injury in
this model. A second explanation are the different
amounts of PFC reaching the alveolar surface in the dif-
ferent animals which led to the different effects of PFC
aerosol. After 120 min, a total amount of approximately
150 ml perfluorocarbon was nebulised and therefore a
dose of 5.6 ml - kg™' could be calculated as the applied
dose. However, a smaller amount of PFC might have
reached the alveolar space as discussed already. This in-
crease in oxygenation with a low dose of PFC is in con-
trast to results from PLV where a dosage of at least
10 ml - kg™ is proposed to improve oxygenation [33,
34]. However, in early studies from Titlincii and col-
leagues in rabbits, a dose of 3-6ml-kg™' led to a
marked increase in oxygenation [13]. Recently, Baden
and co-workers demonstrated the effectiveness of
3 ml - kg of perflubron combined with high-frequency
oscillatory ventilation in improving gas exchange [35].
The current study is also in concordance with the results
of a study with perfluorocarbon vapour in the same
model. Though using a different mode of application
(vapour vs aerosol), the effects of both techniques are
comparable [18]. Whereas the effects of these two tech-
niques are comparable, the aerosol technique might be
easier to establish in ICU than the more complex tech-
nique of PFC vaporisation. These data suggest that it is
not imperative or necessary to fill up the lung with large
amounts of perfluorocarbon liquid up to 20-30 ml - kg™
b.w. (FRC dose) to achieve improvement in gas ex-
change.

Besides the positive effects on gas exchange, inhala-
tion of PFC aerosol improves peak inspiratory pressure
(P...x) and static lung compliance (C) significantly. The
effects on pulmonary mechanics are known to be
dose-independent since small dosages of 3 ml- kg™
b.w. led to a significant reduction of P, as described
previously [13, 18, 24, 25, 33, 34]. These effects could
not be further enhanced by increasing the dosage in
partial liquid ventilation [13]. Furthermore, in experi-
mental studies with higher amounts of liquid applied
to the lungs > 10 ml - kg™!, an increase in P,,,, and a de-
crease in compliance were even observed probably
caused by the increasing weight of the liquid-filled
lungs [15, 33, 34].

The mechanism of action of perfluorocarbons in the
alveolar space is still not fully elucidated and remains
speculative. Using the concept of liquid ventilation, sev-
eral mechanisms like recruitment of atelectatic alveoli,
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prevention of end-expiratory alveolar collapse (“liquid
PEEP”), redistribution of perfusion, oxygen transport,
surfactant-like effects, and anti-inflammatory effects
are currently being discussed [33, 36, 37, 38, 39]. Per-
fluorocarbons applied to the lungs as bulk liquid will
preferentially reach dependent lung areas [40], whereas
perfluorocarbons administrated as an aerosol will prob-
ably reach all ventilated areas. Due to their low surface
tension, the perfluorocarbons may spread over the sur-
face and build a thin layer of PFC in the alveoli and re-
duce surface tension. Considering the hydrophobic na-
ture of perfluorocarbons, we furthermore speculate
that perfluorocarbons interact with the hydrophobic
parts of the lipid shares such as dipalmitoyl
phosphatidylcholine (DPPC) or with hydrophobic sur-
factant proteins like SP-B or SP-C which are mostly re-
sponsible for surface activity [41, 42]. Additionally, due
to its lipid solubility, perfluorooctane may interact with
the lipid layer of the cell membrane of the alveolar cells.
The solubility of PFCs in the lipid layer of the cell mem-
brane was demonstrated in erythrocytes by Obrastzow
et al. recently [43]. Another explanation is the stimula-
tion of surfactant production or release of stored sur-
factant from alveolar type II cells by PFC as postulated
by Steinhorn et al. [39]. Therefore, we hypothesise a
thin PFC-layer with high oxygen transport capacity and
surface activity which may stabilise the alveoli. This fi-
nally results in better alveolar ventilation and in im-
proved oxygenation and compliance over a period of
time. Furthermore, the stabilisation of alveolar surface
with a hydrophobic layer may prevent or reduce alveo-
lar oedema.

Conclusion

In conclusion, the administration of a perfluorooctane
aerosol to lungs using a jet nebuliser leads to an im-
provement in pulmonary mechanics and gas exchange
and is therefore superior to PGI, in this model of severe
ARDS. These data suggest that even a low dose of per-
fluorocarbons applied in the aerosol form may have
beneficial effects on gas exchange and respiratory me-
chanics. Compared to the invasive technique of total or
partial liquid ventilation with high doses of liquid per-
fluorocarbon, the aerosol technique seems to be a prac-
ticable alternative to administer perfluorocarbons in se-
vere lung injury. The presumed mechanism of a specific
interaction between the hydrophobic perfluorocarbon
and hydrophobic parts of the natural surfactant has to
be elucidated in further studies.

Appendix

Transpulmonary shunt fraction (shunt) (Qsp/Qt) was
calculated according to the standard equation: Qsp/
Qt = (CcO, - Ca0,)/(CcO, - CvO,), where Qsp is the
physiologic shunt, Qt is the cardiac output, CaO, is the
oxygen content of the arterial blood, CvO, is the oxygen
content of mixed venous blood, and CcO, is the oxygen
content of blood draining from the ideal alveolus venti-
lated with gas of an FiO, = 1.0. CcO, was calculated as
CcO, = Hb - 1.39 + 0.0031 - PaO, where PaO, is the al-
veolar oxygen partial pressure. PaO, was calculated as
PaO, = FiO, - (Pbar-47) — PaCO,/0.8 where Pbar is the
barometric pressure at the day of the experiment.
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