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Intratracheal Perfluorocarbon Administration as
an Aid in the Ventilatory Management of

Respiratory Distress Syndrome
Ahmet S. Tttdned, M.D.,* Kutay Akpir, M.D.,T Paul Mulder, Ph.D.,t Wilhelm Erdmann, M.D., Ph.D.,§

Burkhard Lachmann, M.D., Ph.D. ||

Background: Respiratory distress syndrome carries a high
morbidity and mortality when treated with mechanical ven-
tilation with positive end-expiratory pressure. Perfluorocar-
bon liquids are employed in liquid ventilation due to low sur-
face tension and high gas solubility. To assess whether intra-
tracheal administration of the perfluorocarbon, perflubron,
in combination with conventional mechanical ventilation
could be of therapeutic benefit in respiratory distress syn-
drome, the authors tested the effects of different doses of in-
tratracheal perflubron administration on gas exchange and
lung mechanics in adult animals with respiratory failure dur-
ing a 6-h observation period.

Methods: Respiratory failure was induced in 30 rabbits by
saline lung lavage (arterial oxygen tension < 100 mmHg at
100% oxygen with the following ventilator settings: tidal vol-
ume, 12 ml- kg™; respiratory frequency, 30 per min; inspira-
tory/expiratory ratio, 1:2; and positive end-expiratory pres-
sure of 6 cm H,0). Twenty-four rabbits were treated with dif-
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ferent perfluorocarbon doses (3, 6, 9, and 12 ml-kg™), and
the remaining six served as controls while mechanical ven-
tilation was continued with the aforementioned settings. Ad-
ditionally, in ten healthy rabbits who were used as healthy
controls, the lungs were mechanically ventilated either alone
or in combination with intratracheal perfluorocarbon admin-
istration (3 ml-kg™") for 6 h.

Results: In all treatment groups, arterial oxygen pressure
increased significantly (P < 0.0001) in a dose-related fashion
(193 * 40, 320 + 70, 353 £ 125, and 410 * 45 mmHg at 15 min),
and peak airway pressures decreased significantly (range, 18—
23%; P < 0.0001) from pretreatment values. These findings
were in contrast to those for the control group. The improve-
ments were time-dependent in all four tested perfluorocarbon
doses. However, the improvements in pulmonary parameters
could be extended to 6 h only in groups treated with 9 ml- kg™
and 12 ml- kg™ perflubron. At the end of the 6-h period, the
data for these two groups showed significantly higher arterial
oxygen pressure (230 + 84 and 197 = 130 mmHg, respectively;
P <0.05) and lower inflation pressures than the pretreatment
data for these groups and the data for the control group at 6
h. There were no clinically significant changes in pulmonary
parameters in healthy animals due either to mechanical ven-
tilation alone or mechanical ventilation in combination with
intratracheal perfluorocarbon administration for 6 h.

Conclusions: The results of this study imply that there is no
association between the lung mechanics and gas exchange pa-
rameters for mechanical ventilation in combination with in-
tratracheal perfluorocarbon administration. The data suggest
that this type of perfluorocarbon administration with con-
ventional mechanical ventilation offers a simple, alternative
treatment of respiratory distress syndrome. With this tech-
nique, adequate pulmonary gas exchange can be maintained
at relatively low airway pressures with high perfluorocarbon
doses for several hours. (Key words: Lung: gas exchange, me-
chanics. Ventilation, mechanical: perfluorocarbon.)

SINCE the first successful experiment of Clark and Gol-
lan,’ the efficacy of perfluorocarbon liquids have been
studied in liquid breathing techniques. Animal studies
have shown perfluorocarbon liquid ventilation to be
effective in achieving adequate pulmonary gas ex-
change in surfactant-deficient lungs by reducing surface
tension at the alveolar air-liquid interface.>* Improve-
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ments in lung functions have been reported following
successful reconversion to gas breathing in diseased
lungs.?-¢

Despite the advances in liquid ventilation techniques,
the complexity and the extra technical requirements
(e.g., modified liquid ventilator, external oxygenator)
for liquid ventilation have discouraged the develop-
ment of this type of respiratory support in clinical
practice. Greenspan et al.” reported the first human
trial of liquid ventilation in premature infants with re-
spiratory distress syndrome (RDS). The observed im-
provements in gas exchange and lung mechanics after
only a short duration of liquid ventilation reaffirmed
the results of animal experiments and led us to inves-
tigate a simpler way of using perfluorocarbon. Using a
combination of conventional mechanical ventilation
and intratracheal perfluorocarbon (perflubron, Alliance
Pharmaceutical, San Diego, CA) administration at low
doses, we recently demonstrated that oxygenation can,
in the short-term, be improved in a dose-dependent
manner at reduced airway pressures in adult animals
with acute respiratory failure.? This study was devel-
oped to assess the efficacy of this method of perfluo-
rocarbon administration as an aid in the ventilatory
management of RDS. This study was designed to inves-
tigate the effects of this technique with different per-
fluorocarbon doses on pulmonary gas exchange and re-
spiratory mechanics in adult animals with induced RDS
over a 6-h observation period.

Methods and Materials

This study was approved by the Animal Committee
of Erasmus University Rotterdam.

Animal Preparation

Adult New Zealand rabbits (n = 40) weighing 2.8 +
0.3 kg were anesthetized with intravenous pentobar-
bital sodium (50 mg+kg™!) via an auricular vein and
then placed in a supine position. An endotracheal tube
(ID 3.5 mm) was inserted via a tracheostomy, after
which mechanical ventilation with a Servo Ventilator
900C (Siemens-Elema, Sweden) was initiated with
100% oxygen, zero end-expiratory pressure, tidal vol-
ume (VT) of 12 ml-kg™', respiratory frequency of 30
per min and inspiratory/expiratory ratio of 1:2. An in-

{ Jonson B, Nordstrom L, Olsson SG, Akerback D. Monitoring of
lung mechanics during automatic ventilation: A new device. Eur J
Respir Dis 11:729-~743, 1975,
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fusion of 5% dextrose/0.45% NaCl solution was ad-
ministered continuously (7.5 ml-kg™'+h™) via the
auricular vein as a maintenance fluid. Anesthesia was
maintained with continuous infusion of pentobarbital
(4 mg-kg™'-h™") and fentanyl (120 pg-kg™'-h™");
pancuronium bromide was administered to induce
muscle paralysis (0.1 mg-kg™'-h™").

A femoral artery and a femoral vein were cannulated
with polyethylene catheters for arterial and central ve-
nous pressure monitoring and blood sampling. Arterial
samples were analyzed for blood gases, pH, and he-
moglobin by conventional methods (ABL-330 and Osm-
2 Hemozximeter, Radiometer, Copenhagen, Denmark).
Arterial lactate was measured with an Eppendorf-Elan
Analyzer (Hamburg, Germany) at baseline, after in-
duction of RDS, and at the end of the 6-h observation
period, using the Sigma Diagnostics Lactate Enzymatic
Determination procedure (Lactate kit 735-10, Sigma,
St. Louis, MO). End-tidal carbon dioxide, carbon diox-
ide production, and alveolar dead space were measured
on-line with a carbon dioxide Analyzer 930 (Siemens,
Sweden). Lung mechanics (airway pressures and re-
spiratory compliance) were measured on-line with a
Lung Mechanics Calculator 940 (Siemens, Sweden),
which has been demonstrated to be a reliable and ac-
curate calculator.7 Core temperature was maintained
at 37 £ 1° C with a heating blanket and monitored
with an esophageal thermistor (Elektrolaboratoriet,
Copenhagen, Denmark). Intravascular pressures were
monitored with Statham P23XL transducers (Spec-
tramed, Oxnard, CA), and all parameters, including
electrocardiographic readings, were traced with a Si-
recust 1280 monitor (Siemens, Danvers, MA) and re-
corded with a Siredoc 220 recorder (Siemens, Ger-
many).

Experimental Protocol

In 30 rabbits, acute respiratory failure was induced by
lung lavage with 30 ml-kg™' warm saline,”'® repeated
as often as necessary to achieve an arterial oxygen pressure
less than 100 mmHg at the following ventilator settings:
volume controlled ventilation; inspired oxygen fraction,
1; VT, 12 ml-kg™"; respiratory frequency, 30 per min;
inspiratory/expiratory ratio, 1:2; and positive end-expi-
ratory pressure (PEEP), 6 cmH,O.

The perfluorocarbon administered in this experiment
was perflubron (perfluorooctyl bromide; Alliance
Pharmaceutical, San Diego, CA), a perfluorocarbon with
a specific gravity of 1.918 g-cm™ at 25° C, a surface
tension of 18.1 dynes+cm™, a vapor pressure of 10.5
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mmHg at 37° C, oxygen solubility of 53 ml+ 100 ml~},
and carbon dioxide solubility of 210 ml- 100 ml™! at
37° C and 1 atmosphere pressure.

Animals were divided randomly into five groups of
six animals, and four groups were treated intratra-
cheally with a different dose of perflubron: group 1, 3
ml-kg™'; group 2, 6 ml-kg™"; group 3, 9 ml-kg™*; and
group 4, 12 ml-kg™'. In the fifth group, which was
used as a control group (group C), no perflubron was
used, and the animals’ lungs were ventilated mechan-
ically with gas. In the treated groups, perflubron was
administered directly into the endotracheal tube in in-
cremental volumes (at 5 min intervals) not to exceed
15 ml at one instillation. After each administration, the
ventilator was immediately reconnected. The ventilator
settings were kept constant as noted above, and me-
chanical ventilation was maintained for 6 h.

During the 6-h observation period, arterial blood
gases, pH, and hemoglobin were determined initially
at 15 min, and at 30 min intervals thereafter. Hemo-
dynamic parameters (arterial pressure, central venous
pressure, heart rate), lung mechanics, and carbon
dioxide gas exchange parameters were recorded at the
same time points. No additional drug treatment was
attempted.

To determine any adverse effects of perflubron on the
tested variables that might be obscured by the RDS state,
a group of six healthy rabbits was given 3 ml-kg™" of
perflubron intratracheally following standard animal
preparation. Before perflubron administration, PEEP
was set to 2 cmH,0, which was observed to be the
minimal required PEEP to prevent the bulk movement
of perflubron along the airways in each respiratory cy-
cle.? Measurements at this point were considered base-
line. The animals’ lungs were ventilated for 6 h with
volume-controlled ventilation: inspired oxygen frac-
tion, 1; VT = 12 ml-kg™'; respiratory frequency, 30
per min; inspiratory/expiratory ratio, 1:2; and PEEP, 2
cmH,0.

In another group of four healthy rabbits, no perflu-
bron was administered, but the animals’ lungs were
ventilated mechanically for 6 h to test the effects of
time alone on this preparation. The same ventilator
settings used in the first healthy group were used in
this group.

Arterial blood gases, pH determinations, and respi-
ratory mechanics recordings were made at the same
time points as in lung-lavaged animals. All animals were
killed with an overdose of pentobarbital at the end of
the 6-h observation period.
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Statistical Analysis

Results were analyzed with analysis of variance (AN-
OVA) for repeated measurements, using a maximum
likelihood technique (Program 5V of BMDP package,
BDMP Statistical Software, Los Angeles, CA), in which
the dependent variable was modelled as a linear func-
tion of dose, time, time squared, and the interactions
between dose and time squared. The statistical signif-
icance between all pairs of groups also was tested at
separate points in time with the Student-Newman-
Keuls test. Statistical analyses within each group were
made with the Student’s t-test. All data are presented
as mean = SD, unless otherwise stated. A Pvalue of less
than 0.05 was considered statistically significant.

Results

Lung-lavaged Animals

In all groups of lung-lavaged animals, the measured
and calculated variables were comparable before and
after lung lavage. The saline lavage model used in this
study represents a condition similar to RDS, with similar
histologic changes and pathophysiologic features, and
therefore is considered as a reliable model.'°-12

Gas Exchange. All animals in groups 3 and 4 sur-
vived for the duration of the experiments. Two animals
in group C developed pneumothorax after 3 h (at 200
and 310 min), five animals in group 1 developed
pneumothorax after 3.5 h (at 240, 250, 270, 290, and
340 min), and three animals in group 2 developed
pneumothorax after 5 h (at 305, 340, and 345 min).
Suspicion of pneumothorax was based on observed
acute increases in airway pressures and/or decreases
in blood pressure in the animals. Suspicions were con-
firmed by direct inspection of the animals and/or as-
piration of free air in the thorax through the diaphragm
after an abdominal incision was made. In all the animals
who underwent abdominal incision, pneumothorax
was diagnosed, no treatment was applied, and mea-
surements were discontinued in those animals. There-
fore, data analyses are based on the remaining survivors.

Figure 1 depicts the response of arterial oxygen pres-
sure to different doses of perflubron over the course of
the experiments. After lung lavage (3 to 4 times), mean
arterial oxygen tension (PaO;) values of the groups
were between 67 and 78 mmHg with PEEP of 6 cm
H,O before treatment. Compared to the control group,
PaO; values increased significantly (2 < 0.0001) in all
treatment groups in a dose-related manner with perflu-
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Fig. 1. Arterial oxygen pressure (mean * SEM) before lavage
(BL), after lavage (0 point), and in response to treatment with
perflubron at different doses. The bar represents the lavage
procedure (L). Aterial oxygen tension increased significantly
at each administration dose in conjunction with a decrease in
alveolar-arterial oxygen gradient (A-aDOQ,), reflecting an im-
provement of lung function, particularly a decrease in intra-
pulmonary shunt. The data for the 3 ml-kg™ group is not
shown after 4 h because there were too few survivors. * =
significantly different (P < 0.0001) from 9- and 12-ml- kg™
groups; # = significantly different (P < 0.0001) from the other
groups.

-]

bron treatment. PaO, values were significantly lower
(P < 0.0001) in group 1 than in the other treatment
groups until 3.5 h; thereafter, PaO, values in groups
1 and 2 were significantly less (P < 0.0001) than in
groups 3 and 4 at all time points. The mean PaO, values
at 6 h remained significantly higher (P < 0.05) in
groups 3 and 4 (230 + 84 and 197 + 130 mmHg,
respectively) compared to the pretreatment values (af-
ter lavage) of these groups and the final readings of the
control group. In the control group, PaO, gradually
decreased to 45 + 11 mmHg at 6 h.

Mechanical ventilation with tidal volume of 12
ml-kg™" induced hypocapnia in all groups, but lung
lavage caused significant increases (P < 0.001) in and
significant reductions (P < 0.001) in pH in all groups.
After perflubron treatment, only in groups 3 and 4 were
arterial PCO; values maintained at less than 45 mmHg
throughout the study. These values were significantly
different (P < 0.005) from those found in groups C,
1, and 2 at 6 h (fig. 2). There were significant decreases
(P < 0.05) in pH in all groups toward the end of the
observation period (mean pH value was slightly lower
in group 1 before and after lung lavage compared to
other groups; table 1). Despite the well maintained
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arterial carbon dioxide tensions in groups 3 and 4, these
groups experienced metabolic acidosis. Respiratory
acidosis accompanied metabolic acidosis in groups C,
1, and 2.

Compared to the control group, petflubron instilla-
tion decreased the alveolar dead space to VT ratio sig-
nificantly (P < 0.05) in the treatment groups. In group
4, the decrease in the ratio of alveolar dead space to
VT from the pretreatment level was insignificant (table
2). The lower the perflubron dose, the earlier the al-
veolar dead space to VT ratio started to increase.

Respiratory Mechanics. After perflubron instilla-
tion, the peak airway pressure (Peak,y,) needed to in-
flate the lungs with a VT of 12 ml - kg™ decreased sig-
nificantly (P < 0.0001), almost to the same extent
(range, 17-21%) in all treatment groups at 15 min
(fig. 3). On the other hand, airway pressures needed
to inflate the lungs increased significantly (P < 0.001)
over time in the control group. To reflect the actual
intrathoracic pressures, the data for end-inspiratory
pause airway pressure (Pause,,,) and mean airway
pressure (Mean,,,) are presented in table 2. The airway
pressures (Peak,y,, Pause,w,, and Mean,,,,) were sig-
nificantly lower (P < 0.0001) in the treatment groups

Lavage 3 mi/kg 6 mi/kg 9 milkg 12 mi/kg control
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Fig. 2. Arterial carbon dioxide pressure (mean + SEM) before
lavage (BL), after lavage (0 point), and after treatment with
perflubron. Arterial carbon dioxide tension levels were more
stable than arterial oxygen tension levels for 6 h in the groups
treated with high doses (9 ml- kg™ and 12 ml- kg™). Individual
arterial carbon dioxide values in the 3 ml-kg™ group were
higher than those in the other groups after 1 h. The data for
the 3 ml- kg™ group is not shown after 4 h because there were
too few survivors. * = significantly different (P < 0.005) from
9-and 12-ml- kg™ groups; # = significantly different (P < 0.005)
from 6-, 9-, and 12-ml- kg™ groups; L = lavage procedure.
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Fig. 3. Changes in peak airway pressure (Peak,,,; mean + SEM)
in response to perflubron treatment. Positive end-expiratory
pressure of 6 cm H,0 is applied during lavage procedure (L),
and ventilator settings are kept constant in all groups before
and after treatment. Although perflubron administration
provided on average a 20% decrease in peak airway pressure
in all groups, the linear correlation between peak airway
pressure and the function of time is different for each group,
favoring the 12 ml: kg '-treated group to exhibit lower values
at all time points. The data for the 3 ml-kg™ group is not
shown after 4 h because there were too few survivors, * =
significantly different (P < 0.0001) from other groups; # =
significantly different (P < 0.0001) from 3- and 6-ml - kg™ and
control groups; BL = before lavage.

than in the control group at 6 h, and in groups 3 and
4 compared to groups 1 and 2 from 3.5 h. Only groups
3 and 4 exhibited airway pressures significantly lower
(P < 0.05) than the pretreatment values, even at 6 h.
Respiratory system compliance (CRS; ml-cm
H,O7'-kg™) increased significantly (P < 0.0001) in
all treatment groups after treatment with perflubron,
but in the control group, this value decreased (fig. 4).
For the first 2 h, there were no statistically significant
differences in CRS in groups 3 and 4 compared to CRS
before lung lavage. Mean values of CRS in groups 3
and 4 remained significantly higher (P < 0.0001) than
those in groups 1 and 2 after 3 h. At the end of the
observation period, CRS was still significantly higher
(P < 0.05) in group 4 only (2.29 % 0.20 ml-cm
H,O7' - kg™") compared with this group’s pretreatment
value (1.90 = 0.16 ml-cm H,O7' - kg™).
Hemodynamics. Mean arterial pressure and central
venous pressure (5 = 1 mmHg at pretreatment) re-
mained stable in all groups throughout the observation
period. There were significant changes (P < 0.05) in
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heart rate in all groups towards the end of the study
(table 1).

Although carbon dioxide production decreased
slightly in all groups, at the end of the study (table 2),
arterial lactate levels had increased significantly (P <
0.0001) in the control group (from 2.6 = 0.7 to 8.2
= 1.5 mm-17"), group 1 (from 2.8 + 0.7t0 9.4 £ 2.5
mMm-17"), and group 4 (from 3.0 = 0.9 to 8.0 + 1.5
mMm-17"). These levels had increased insignificantly in
groups 2 and 3 (from 3.0 £ 1.1 to 5.0 £ 2.5 mm-1™!
and from 2.9 £ 0.9 to 4.2 + 1.5 mm- 17", respectively)
at 6 h from pretreatment levels.

Healthy Animals

All animals survived for the duration of the experi-
ment, and the baseline data were comparable in both
groups. Animals tolerated intratracheal perflubron ad-
ministration well. There were no harmful effects be-
cause of mechanical ventilation alone for 6 h, nor be-
cause of mechanical ventilation in combination with
intratracheal perflubron (3 ml - kg™") administration on
measured parameters in healthy animals during the 6
h study period.

There was no change in arterial oxygenation follow-
ing perflubron administration for 2 h compared to
baseline level: mean PaO, remained higher than 500
mmHg; pulmonary gas exchange parameters were

control 3 mi/kg

6 mi/kg

9 mirkg

12 mitkg

50
40 q|
30
20 1Y
10 1|
0 | 7ML
=101
-20 1
=30

% change of compliance

1/4 1 2 3 4 5 6
time after treatment (hours)

Fig, 4. Percentage changes from the pretreatment level in lung
compliance over time in the treatment groups. Following re-
peated lung lavage, there was marked decrease in lung com-
pliance in all groups in the range of 33-42% (not shown in
the figure). * significantly different (P < 0.0001) from other
groups; # = significantly different (P < 0.0001) from 9- and
12-ml - kg™ groups.
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comparable, and there were no clinically significant
changes in both groups during the 6 h observation pe-
riod (table 3).

The only significant difference between the two
groups was in respiratory mechanics parameters (ta-
ble 3). When compared to baseline level, airway
pressures (Peak.w,, Pause,y,, and Mean,,,) were sig-
nificantly higher (P < 0.05) in the perflubron-treated
group for 4 h, but decreased to baseline levels there-
after. However, Peak,,, and Pause,y, did not differ
significantly between the two groups throughout the
study.

Discussion

This study demonstrated at least three points of
practical interest regarding mechanical ventilation
in combination with intratracheal perfluorocarbon
administration. First, it suggested that pulmonary gas
exchange can be improved by increasing the admin-
istered perflubron dose in animals with acute respi-
ratory failure secondary to surfactant depletion. Sec-
ond, airway pressures can be decreased and respira-
tory system compliance can be improved to almost
the same extent at all perflubron doses. Finally, and
most importantly, it suggests that these beneficial ef-
fects can be maintained for several hours, again in a
dose-dependent fashion. In other words, this study
demonstrates a time-dependent characteristic of the
four tested perflubron doses in their ability to main-
tain the improvements in lung functions in acute re-
spiratory failure induced-animals. A dose-dependent
relationship for pulmonary gas exchange, but not for
respiratory mechanics, indicates different mecha-
nisms of action of intratracheal perflubron adminis-
tration in diseased lungs.

Alveolar collapse, resulting from increased alveolar
surface tension, is one of the main pathophysiologic
features of RDS that lead to intrapulmonary shunt. It
normally can be prevented by high end-expiratory
pressures. Perfluorocarbon liquids have low surface
tensions, which make them potentially useful in liquid
ventilation in RDS. We speculate that, following intra-
tracheal administration of even a low dose of perflu-
bron, alveoli and airways in the whole lung are covered
with a perflubron film; therefore, the increased surface
tension at the air-liquid interface is reduced to that of
the perflubron liquid. This mechanism allows for rel-
atively low pressure lung inflation. Qur experimental
results support this hypothesis, in that the airway pres-

Anesthesiology, V 79, No 5, Nov 1993

sures were reduced independently of the dose admin-
istered.

In view of the dose-related improvement of oxygen-
ation, we suggest that, despite the reduction of alveolar
surface tension by perflubron in diseased lungs, this
low but constant surface tension still does not prevent
alveoli from end-expiratory collapse at a PEEP of 6 cm
H>O0. The improvement of gas exchange at increasing
doses, and therefore the recruitment of previously col-
lapsed units (presumably the nonfilled alveoli in the
upper lung regions), can be attributed only to the
amount of the administered perfluorocarbon liquid
(i.e., the administration of high volumes of perfiuo-
rocarbon results in the filling of more affected alveoli).
This “‘splinting” of alveoli prevents end-expiratory
collapse so that gas exchange can be facilitated during
the whole respiratory cycle. Perflubron’s ability to dis-
solve large amounts of oxygen and carbon dioxide re-
sults in continuous alveolar gas exchange and decreased
intrapulmonary shunt.

After filling the lungs with high doses of perfluoro-
carbon (>12 ml-kg™") and maintaining a gas tidal vol-
ume above this volume, one would expect high airway
pressures to expand the lungs. To clarify this hypoth-
esis, we performed an additional experiment for dy-
namic pressure-volume measurements in the lung-la-
vaged animals. Table 4 indicates that, in RDS-induced
animals at a PEEP level of 6 cm H,0, gas tidal volume
was maintained at considerably lower airway pressures,
even after filling the lungs with a perflubron volume
of 20 ml - kg™’, than only gas ventilation state (0 point).
At increasing doses of perflubron (up to 40 ml-kg™"),
gas ventilation resulted in high peak airway pressures.
Even though this result may reflect the compression of
gas tidal volume in a lung largely full of perfluorocar-
bon liquid, the data suggest that the alveoli were nearly
at full expansion, at which point the tissue elasticity
became the predominant component of alveolar re-
tractive forces, thereby leading to significant airway
pressure changes. This mechanical behavior of the la-
vaged lungs with increasing perflubron volumes re-
sembled the pressure-volume characteristics of saline-
filled lung.'?

Perfluorocarbon liquids are metabolically inert and
are eliminated via the expired air. Although systemic
absorption and distribution of perfluorocarbon to the
blood and other tissues in small amounts have been
demonstrated after liquid ventilation, measurements
of perfluorocarbon in expired gases have documented
the rapid elimination of perfluorocarbon through the
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Table 3. Blood Gases, pH, and Respiratory Mechanics Data of Healthy Control Groups

0

1h 2h 3h 4h 5h 6h
Pao, (mmHg) C1 537 £ 17 508 + 27 500 + 38 525 + 18 520 + 24 548 + 25 527 = 25
c2 531 x 22 512 =18 505+ 18 527 £ 6 507 £ 25 524 + 18 511 + 18
Paco, (MmHg) C1 34 +3 413 42 £ 3* 43 + 3* 42 £ 27 40 + 3 40 £ 3"
c2 365 394 403 43+ 4 383 41+3 405
pH C1 748x0.02 739+0.05* 7.37x003 735x0.02* 735x+001* 7.87+0.02" 7.35+0.01*
C2 745+0.05 7.41+0.056 7.38 +0.03* 7.37+002" 736+0.02* 7.36+001* 7.36=+0.03
Peak,y, (cmH,0) CH 15.6 = 1.3 17.7 £ 0.9* 18.8 £ 1.2* 181 £ 1.2* 17.3 £ 1.0 16.3+ 2.0 16.4 £1.1
c2 16611 16.8 + 0.7 16.3+1.0 16.0+ 0.6 15.6 £ 0.6 156 + 0.8 15.6 + 0.8
Pausegw, (cmH.0) €1 135+ 0.5 15.0 =1.0* 16.5 + 1.6* 16.4 +1.7* 15.6 + 1.6* 146 + 2.8 14817
C2 148+15 15.6 0.9 1564 +1.0 15.0 + 0.6 143+ 04 145+ 0.9 14.4 = 0.8
Meang,, (cmH,0) Ct 5.6+ 0.2 6.4+0.1* 6.4 +0.1* 6.3 +0.2" 6.0 = 0.2* 56+ 0.5 56 +04
c2 58+04 5.8 + 0.4% 5.6 + 0.5% 5.5 = 0.3 55+ 0.3 54 +04 54+04

Data are mean + SD.

Pao, = arterial oxygen tension; Paco, = arterlal carbon dioxide tension; peak.., = peak airway pressure; pausea, = end-inspiratory airway pressure; mMeangyp

= mean airway pressure; C1 = perfluorocarbon-treated; C2 = only ventilated.
* Statistically different (P < 0.05) from baseline value (0 point).
1 Statistically different (P < 0.005) from perfluorocarbon-treated group (C1).

lungs.'*# The relationship between the dose of per-
fluorocarbon administered and the time at which im-
pairment of lung function was seen strongly supports
the suggestion that evaporation of perfluorocarbon over
time would cause the affected alveoli to collapse and,
therefore, limit efficacy of pulmonary gas exchange.
This will occur sooner with small doses of perfluoro-
carbon, as observed in this study.

Another possibility could be damage of the alveolar
structure by the perfluorocarbon liquid itself. In liquid
ventilation studies in healthy animals, a reversible
change in pulmonary function has been observed and
speculated to be caused by the residual perfluorocarbon
in the lungs rather than the pathophysiologic
changes.'*"'” Histologic studies in preterm animals
have revealed that after ventilation with perfluorocar-
bon liquids, the alveolar structure remained intact and
no damage to the lung architecture was demonstrated
compared to conventional gas ventilation.>'®* After
filling the lungs with perfluorocarbon at a volume of
functional residual capacity, Fuhrman et al. recently
demonstrated that adequate pulmonary gas exchange
can be provided with conventional mechanical venti-

# Wolfson MR, Clark LC, Hoffmann RE, Davis SL, Greenspan JS,
Rubenstein SD, Shaffer TH: Liquid ventilation of neonates: Uptake,
distribution and elimination of the liquid (abstract). Pediatr Res 27:
374, 1990.

** Forman D, Bhutani VK, Hilfer SR, Shaffer TH. A fine structure
study of the liquid-ventilated newborn rabbit. Fed Proc 43:647, 1984.
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lation in healthy animals.'® Our results from healthy
animals are in agreement with Fuhrman’s report that
healthy animals can tolerate intratracheal perfluoro-
carbon administration during mechanical ventilation
without showing any clinically evident harmful effects
on lung functions.

We can not exclude the possibility that the protein-
aceous exudate elicited by the saline lavage could mix
with the perfluorocarbon and, in the groups receiving
low-dose perfluorocarbon, reduce its surface tension
effect by dilution; however, combined with the afore-
mentioned reports, the present experimental data from
healthy controls, which revealed no harmful effects

Table 4. Dynamic Volume-Pressure Measurements

PFC Volume {ml-kg™) Pressure (cmHz0)

0 (after lavage) 26,0 +1.5
5 189+ 04

10 189+14

15 19.4 £ 1.8

20 21.6 £ 3.1

25 241+3.9

30 282 +54

35 322 +6.0

40 372+£79

Data are mean + SD from three lung-lavaged and volume-controlled ventilated
rabbits (with the same experimental protocol).

The pressure represents the end-inspiratory airway pressure recorded at zero

flow after five breaths of gas tidal ventilation (12 mi- kg™, 100% oxygen) after
administration of each perflubron dose In 5-ml- kg™ increments.
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caused by perflubron itself or the time factor involved,
suggest that elimination of perfluorocarbon by evapo-
ration through the lungs remains the major determinant
of the efficacy of this ventilatory support technique.
An important observation was that significant impair-
ment of gas exchange occurred earlier than did the
increase in airway pressures. This observation also in-
directly supports our hypothesis that perfluorocarbon
acts by different mechanisms for oxygenation and lung
mechanics propesties in the diseased lung. In the
groups treated with 3 ml-kg™ and 6 ml-kg™' of per-
fluorocarbon, animals developed pneumothorax at the
time points where the peak airway pressures were
greater than the pretreatment levels. However, end-
inspiratory airway pressures never exceeded the pre-
treatment inflation pressures in the groups treated with
9 ml-kg™"and 12 ml- kg™ of perfluorocarbon (6% and
12% less than the pretreatment levels at 6 h, respec-
tively), and no pneumothorax occurred in these
groups. Therefore, we may conclude that cyclic re-
opening and collapse of the alveoli and airways with
high pressure amplitudes could lead to high shear
forces along the epithelial surfaces and, thus, result in
barotrauma.* In addition to well sustained lung me-
chanics (reduced airway pressures, increased respira-
tory system compliance), maintenance of adequate
pulmonary gas exchange for several hours suggests that
this technique offers an effective means of ventilatory
support with high perfluorocarbon doses and mini-
mizes the risk of barotrauma. Considering the experi-
mental results, it can be suggested that the progress of
functional lung impairment due to evaporation of per-
fluorocarbon can be prevented by replacement of per-
fluorocarbon liquid at the time that decrease in efficacy
is observed.

It is noteworthy that the vapor pressure of a particular
perfluorocarbon could be important for both producing
efficient evaporation from the lungs at the termination
of this supportive technique and avoiding frequent re-
placement during long-term applications used to de-
crease the cost. Moreover, the vapor pressure of per-
fluorocarbon appears to be an important determinant
for the theoretical alveolar oxygen level. The perfluo-
rocarbon tested in this experiment, perflubron, has a
low vapor pressure of 10.5 mmHg at 37° C and 3.6
mmHg at 20° C. Therefore, the presence of saturated
perflubron vapor would only decrease the maximal al-
veolar oxygen pressure by 10.5 mmHg, much less than
would be expected when other more volatile perfluo-
rocarbons were employed. The low vapor pressure
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makes perflubron the preferred perfluorocarbon for this
type of application, with respect to evaporative losses
and maintenance of alveolar oxygen tensions.

Before clinical application is undertaken, perfluo-
rocarbon liquids must be shown to be safe regarding
side effects, tissue retention, and toxicity. A consider-
able number of animal toxicology studies have been
petformed on perflubron, which has been used also in
humans as an oral magnetic resonance contrast agent
for the gastrointestinal tract.”"*?> Moreover, perflubron
is presently in clinical trials in the United States as an

intravenous contrast agent for blood pool imaging with

computed tomography, and the limited data have
shown no significant side effects.??

The development of lactic acidosis is thought to re-
flect an imbalance between the metabolic requirements
and oxygen supply to the tissues. Despite the small,
insignificant changes in metabolic rate of the animals
as evaluated by carbon dioxide production, lactic aci-
dosis (unrelated to the perflubron dose) developed in
the treatment groups. Considering the limited available
data, the occurrence of lactic acidosis is likely to be a
reflection of cardiovascular dysfunction, because un-
complicated hypoxemia generally does not cause lactic
acidosis,** and intravascular fluid volume plays an im-
portant role in maintaining adequate oxygen supply
during positive-pressure ventilation.?® Further studies
are required to evaluate the possible mechanisms of
cardiocirculatory adjustments and increased lactate
levels during this type of perfluorocarbon application.

In conclusion, intratracheal perflubron administra-
tion combined with conventional mechanical ventila-
tion offers an easier and more clinically acceptable ap-
proach to perfluorocarbon use compared to total liquid
ventilation. It also provides a degree of respiratory sup-
port that is unlikely to be achieved with conventional
ventilation alone at the same ventilatory settings. In-
tratracheal perflubron instillation combined with me-
chanical gas ventilation provides adequate oxygena-
tion, improves ventilation, and allows for low inflation
pressures without compromising hemodynamics in
acute respiratory failure. These results indicate that
even very low doses of perflubron permit significant
improvement in lung function, and higher doses
(reaching to functional residual capacity volume) are
required for adequate ventilatory support for periods
up to 6 h in severe RDS in animals. Exogenous surfac-
tant treatment has been shown to be a promising ad-
junct in various experimental models and in a limited
number of clinical cases of RDS.? The present study
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suggests that intratracheal perfluorocarbon treatment
also may play a role in achieving the goals of ventilatory
support in humans with RDS (7.e., pulmonary support
avoiding high inflation pressures) and, thus, further
lung damage, until sufficient recovery from the primary
disease is achieved.

The authors thank Mrs. Laraine Visser-Isles for her English language
editing, Mr. Ari Kok for his technical assistance, and Siemens-Elema,
Sweden for providing the equipment.
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