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Introduction

Chapter 1

Role of surfactant in the pathophysiology of the acute respiratory
distress syndrome: conseguences for treatment strategies

A. Hartog, D. Gommers, B. Lachmann

Department of Anesthesiology, Erasmus University Rolterdam, The Netherlands.
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Chapter 1

One of the most important clinical syndromes, in which failure of oxygen uptake in the lung
leads to severe hypoxia, is the so-called acute respiratory distress syndrome (ARDS). ARDS is
acomplex of clinical signs and symptoms which occur following diverse pulmonary or systemic
insults, including sepsis, shock, pneumonia, trauma, iquid aspiration, hematological disorders,
sinoke inhalation, and many others {1, 2]. In ARDS, the treatments available are still inadequate
and morbidity, mortality, and costs remain unacceptably high [3]. The failure of the lung as a gas
exchange organ results in peripheral tissue hypoxia, which appears to be related to the
development of multiple organ failure (MOF). Since MOF is the predominant cause of death in
ARDS, therapeutic efforts are aimed at improving oxygen delivery to the tissues,

Available treatments include mechanical ventitation with positive end-expiratory pressure
(PEEP) and high inspiratory oxygen concentration. However, despite extensive research on new
ventilation modes, mortality has not changed much and remains 30-70% [4], as high as when
first reported by Ashbaugh et al. in 1967 [5]. It should be realized that mechanical ventilation
is only a supportive strategy and that some ventilatory strategies even contribute to lung injury.
That is why ARDS may, in part, be a product of our therapy — rather than the progression of the
underlying disease [6].

Several strategies for ARDS, such as exogenous surfactant therapy {7], ventilation
according to the “Open Lung Concept” {6, 8] and partial liquid ventilation [9] are currently under
evaluation. In this chapter, we describe the centrai role of pulmonary surfactant in the

pathophysiology of ARDS, and discuss the impact of these new strategies on surfactant function,

Acute respiratory distress syndrome
ARDS has become a well-recognized condition that is characterized by a heterogenous
deterioration of both alveolar ventilation and pulmonary perfusion. ARDS is associated with an
increase in alveolar permeability leading to pulmonary edema, hemorrhage and atelectasis. The
pathophysiological changes in ARDS include hypoxemia, decrease in functional residual
capacity (FRC), decreased total lung capacity {TLC), and decreased lung compliance [10].

As early as 1929, Von Neergaard [11] reported that much larger pressures were required
to expand an air-filled lung than a lung filled with fluid (Fig. 1); this important finding suggested

that the surface tension at the air-liquid interface of the alveoli influences lung elasticity. The
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problem with this discovery was that his work was published in German, and that for 25 years
no scientists in the evolving field took serious note of this publication. In 1957, Clements
measured surface tension by using a modified surface balance, and demonstrated that lung
extracts decreased surface tension [12]. They pointed out that the presence of a material with a

very low surface tension prevents atelectasis in the lung.

Fluid - filled Lung

Healthy Lung

Volume (L)

RDS - Lung

() t
0 10 20 30 40

Airway Pressure (cmH,0)

Figure 1. Pressure-volume (P/V) diagram of a healthy air-filled lung, a fluid-filled lung and an ARDS
lung. Von Neergaard {11] showed, in 1929, that much larger pressures were required to expand an air-
[tHed lung than o fung filled with fluid. In ARDS, there are even higher pressures required to expand the
lung due 10 the high surface tension at the air-Hiquid interface in the alveoli, which is caused by surfactant
inactivity. ARDS: acufe respiratory distress syndrome.

{1



Chapter 1

Asbaugh et al,, in 1967, demonstrated that the surface tension of broncho-alveolar lavage
(BAL) fluid from two adult patients was increased [5]. The clinical and pathological features
were very similar to those seen in neonates with respiratory distress syndrome, who have a
primary surfactant deficiency that is caused by the immaturity of the lungs. Therefore, they
intraduced the name adult respiratory distress syndrome (ARDS), and assumed that in the adult
patient the pulmonary surfactant became inactivated and was responsible for atelectasis.
Nowadays, it is more appropriate to speak about the acute, rather than adult, respiratory distress
syndrome, since ARDS is not limited to adults [3].

Since 1967, several studies have analyzed lung surfactant recovered from BAL of
patients with ARDS and demonstrated compositional changes in surfactant and/or decreased
surfactant content of the lungs {10]. Furthermore, Gregory and colleagues [13] showed that
minimal surface tension was increased, and that total phospholipids and surfactant proteins (SP-
A and SP-B) were decreased in the BAL fluid obtained from patients at risk to develop ARDS,
suggesting that these abnormalities of surfactant occur early in the disease process.

The central role of surfactant deficiency can further be illustrated by studies in animal
models of ARDS which demonstrated that exogenous surfactant institlation dramatically
improved blood gases and lung mechanics (for reviews see [14-16]). The models of surfactant
deficiency in which these improvements couid be demonstrated include: acute respiratory failure
due to in vivo whole-lung lavage {17-19], neurogenic ARDS [20], respiratory failure as a result
of oxygen toxicity [21, 22} or oxidant producing enzymes [23}, acute respiratory failure after
instillation of hydrochloric acid [24-26], plasma instillation [27] and intoxication with N-nitroso-
N-methylurethane (NNNMU) [28] or paraquat [29], and respiratory failure due o pneumonia
[30-32).

Thus, there is clinical and experimental evidence of a deficiency of active pulmonary

surfactant in patients with ARDS, which would be the rationale for a surfactant replacement

therapy.

Pulinonary Surfactant
Pulmonary surfactant is a complex of phospholipids (80-90%), neutral lipids (5-10%) and at least
four specific surfactant-proteins (5-10%) (SP-A, SP-B, SP-C and SP-D), synthesized and secreted
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Introduction

from the alveolar type 1I cells, lying as a monolayer at the air-liquid interface to reduce the
surface tension in the lung [33]. Surfactant is essential for normal breathing at physiological
transpulmonary pressures and prevents end-expiratory collapse of the alveoli and small airways;
an intact surfactant system is also essential to maintain the fluid balance in the lung {34]. The
functional integrity of surfactant depends on the specific proteins [35]. The exact mechanisms
involved are not yet clear, but there are indications that SP-A regulates surfactant secretion and
re-uptake of surfactant by the type I cells, whilst SP-B and SP-C are thought essentiat for rapid
adsorption of the phospholipid molecules into the monolayer. It has been demonstrated that

surfactant, in particular SP-A and D, plays a role in the lung's defence against infection [36].

Pulmonary surfactant and ARDS
Despite diverse etiologies in ARDS, the final pathway results in damage of the alveolar
epithelivm and endothelium, which leads to high-permeability pulmonary edema. The exact
mechanisms responsible for injury to the alveolar-capillary membrane are complex and are still
under discussion [37]. The formation of edema leads to wash-out or dilution of the surfactant
[38] and/or inactivation of the surfactant by plasima components, such as fibrin{ogen), albumin,
globutin and transferin, hemoglobin and cell membrane lipids; these components are known to
inhibit putmonary surfactant in a dose-dependent way [39]. Furthermore, surfactant may also be
disturbed by the following mechanisms: breakdown of surfactant by lipases and proteases;
phosphotipid peroxidation by free radicals; loss of surfactant from the airways due to mechanical
ventilation with large tidal volumes; disturbed synthesis, storage, or release of surfactant
secondary to direct injury of type II cells [39-41].

Diminished surfactant has far-reaching consequences for tung function. Independent of

the cause, decreased surfactant function will directly or indirectly lead to [34}:

- decreased pulmonary compliance

- decreased FRC

- atelectasis and enlargement of the functional right-to-left shunt
- decreased gas exchange and respiratory acidosis

- hypoxemia with anaerobic metabolism and metabolic acidosis

13



Chapter 1

- pulmonary edema with further inactivation of surfactant by plasma

constifuents.
This phase of acute respiratory distress can persist for days to weeks, but recovery without
persistent impairment of lung function is possible. However, when this condition persists tfor a
longer period of time, it is likely that new inflammatory events occur, which can trigger
fibroblast proliferation that results in progressive lung fibrosis. In this phase of ARDS lung

damage becomes irreversible, and this condition is associated with a very poor prognosis [42].

The pulmonary surfactant system and mechanical ventilation

The deterioration of gas exchange in ARDS that results from the collapse of surfactant-deficient
alveol necessitates the implementation of mechanical ventilation. However, it has been shown
that mechanical ventilation itself, in particular when large tidal volumes and high peak
inspiratory pressures are used in combination with low end-expiratory pressures, affect the
pulmonary surfactant system [43]. The exact mechanisms involved are not yet entirely clear, but
it has been shown that the surfactant in the alveolar lining is actively removed from the alveolus
towards the larger airways; this can lead to a shortage of surfactant at the alveolar level causing
changes in surface tension characteristics in the lung, as seen during or after prolonged periods
of mechanical ventilation {43].

During end-expiration the surfactant molecules covering the alveolar epithelium are
compressed on the small alveolar areas leading to fow surface tension thus preventing the alveoli
from collapse, If the surface of the alveolus is smaller than the surface occupied by the surfactant
molecules, the molecules are squeezed out of the surface of the alveolus and forced toward the
airways. These surfactant molecules are then ‘lost’ for the alveoli and are eventually cleared from
the lungs. During the following inflation of the alveoli, the surface is replenished with surfactant
molecules coming from the underlying hypophase where surfactant molecules are *stored’ for
later use. During the next expiration, the mechanism repeats itself and again surfactant molecules
are forced out of the alveolus and subsequently replenished from the hypophase; this is a
continuing cycle (Fig. 2) [43].

The amount of surfactant that must be produced and subsequently secreted by the alveolar

type II cells is proportional to the loss of surface active molecules during the breathing cycle.
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Figure 2. (A) Balance between synthesis, release and consurnption of surfactant in the healthy lung. The
pressure values given represent the intra-pulmonary pressure needed to open up this alveolus. At the
surface and in the hypophase (micelles), there are sufficient molecules of surfactant. These micelles deliver
the surfactant necessary to replace the molecutes squeezed out during expiration (Exp.). () Imbalance
between synthesis, release and consumption of surfactant due to mechanical ventilation. At the beginning
of inspiration (Insp.), there exists an apparent deficiency of surfactant molecutes but there is, in principle,
enough surfactant on the surface. (C) With the next expiration , surface active molecules are squeezed out
and no surface active molecules are left in the hypophase for respreading, creating the situation where a
serious surfactant deficiency follows (from reference [40]).
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When production and secretion of new surfactant molecules keep pace with consumption, no
surfactant deficiency will occur, as in a normal healthy lung.

Function of surfactant present in the alveoli can be compromised during mechanical
ventilation in several different ways. First, due to the pulmonary interdependence of the alveoli
the forces acting on the fragile lung tissue in non-uniformly expanded lungs are not only the
applied transpulmonary pressures, but also the shear forces that are present in the interstitium
between opened and closed alveoli [44]. These shear forces may well be the major reason for
epithelial disruption and the loss of barrier function of the alveolar epithelium, which results in
an influx into the alveolar space of plasma proteins, which inhibit surfactant function in a dose-
dependent way [45].

Second, the surfactant system consists of surface active large aggregates (LA) and non-
surface active small aggregates (SA). In order to preserve an adequate surfactant function, it is
necessary that the batance between small and large aggregates is maintained [46]. Studies have
shown that the conversion of LA into SA correlates with changes in alveolar surface area. An
increase in tidal volume, which increases the magnitude of alveolar surface area changes, has
been shown to increase the conversion of LA into SA [47, 48], The same studies demonstrated
that changing the respiratory rate [47] or level of PEEP [48] did not affect the rate of aggregate

conversion,
Treatment strategies for ARDS
Exogenous surfactant therapy

Considering its success in neonatal RDS, exogenous surfactant therapy seems very promising
in the treatment of ARDS patients. Although these two syndromes are very similar, there is an
important difference: neonatal RDS is characterized by a primary surfactant deficiency due to
immaturity of the lungs, whereas in ARDS surfactant inactivity is a complication of lung injury.

Although it seems rational to administer exogenous surfactant to ARDS patients, this not
yet a clinical reality. At this moment, only a few case reports and results of limited clinical

studies are available in which adult patients with ARDS are treated with exogenous surfactant,
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Although these reports showed that some patients did not respond, or had an only transient
improvement after a single dose of surfactant, better results were seen with higher or multiple
surfactant doses. The reason for lack of response, or only transient improvement after exogenous
surfactant application, is attributed to the inhibition of the instilled surfactant by plasma
components filling the alveolar space. This means that if after surfactant instillation there is no,
or only transient, improvement of blood gases in these patients (fibrotic lungs excluded) this does
not mean that surfactant treatment does not work, it only means that the concentration of the
exogenous surfactant used is too low in relation to the amount of surfactant inhibitors in the lung
[45]. Therefore, for treatment of ARDS, a high concentration of surfactant is required to
overcome the inhibitory effect of plasma components. This was first postulated by Lactunann
f34] after treating the first "adult" patient, and is now confirmed by the results of Gregory and
colleagues {49} in armulticemer, randomized pilot study in 59 patients with ARDS of different
etiologies. In this latter study, three different dosing strategies were tested and the results showed
that maximum improvement of oxygenation, minimum ventilatory requirements, and lowest
mortality rate were obtained following treatment with 400 mg surfactant per kg body weight. The
surfactant used in Gregory's study was a natural surfactant, as already used in neonates, and was
given as a bolus. This study is, to our knowledge, the first controlled trial in which the mortality
of ARDS could be decreased (from 43.8% to 18.8%) by a single therapeutic intervention.
Walmrath et al. administered a natural surfactant {300 mg/kg) with a bronchoscope to patients
with severe ARDS and sepsis, which resuited in an increase in arterial oxygenation [50]. In half
of their patients, an additional dose of 200 mg/kg was required to maintain this improvement of
gas exchange. In contrast to these results, Anzueto et al. found no effect on mortality and lung
function after administration of acrosolized artificial surfactant in a multicenter trial in patients
with sepsis-induced ARDS [51]. However, in their study a much lower dose of surfactant was
delivered to the lungs (<25 mg/kg) than in the study by Gregory and colleagues, which is
speculated to be an insufficient dose to overcome the inhibition by plasma components in the
alveolar space.

The exact amount of exogenous surfactant required in ARDS to restore lung surfactant
function is not known, but different case reports and pilot studies suggest that a dose between

50 and 400 mg/kg body weight may be appropriate. Because the quantity of inhibitors differs
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from patient to patient, an excess of surfactant should always be given or repeatedly be
substituted ("titrated") until blood gases improve [45]. Experience in neonates has also learned
that exogenous surfactant is more effective when administration takes place in the early stages
of RDS with a smaller amount of surfactant inhibitors [52]. Early treatiment of ARDS may thus
require smaller amounts of surfactant and the outcome results will probably be better,

The optimal method to deliver surfactant to patients with ARDS is unknown and
currently under evaluation. The curreatly used technigue of delivering exogenous surfactant is
the liquid bolus instillation through the endotracheal tube. This method has been used in most
antmal studies as well as in neonates with RDS [52]. The advantage of this method of instillation
is that it is rapid and able to deliver the large quantities of surfactant. As already mentioned, a
large amount of surfactant has to be instilled in ARDS patients to overcome the inhibitory effects
of the serum components present in the alveoli. This means that a relatively large amount of fluid
has to be instilled into the injured tungs, which may be potentially harmful, Therefore, Lewis et
al. [53] investigated surfactant administration as an aerosol. The rationale was that by this
method of instillation iess volume of liquid will be instilled in the fungs at one time and that the
distribution witl be more homogenous. Their study demonstrated that the distribution pattern was
more homogenous after acrosolized surfactant administration, but it also showed that bolus
instillation was superior to acrosolized surfactant in improving blood gases. They suggested that:
"the low quantities of aerosolized surfactant deposited in the lungs limited the physiological
responses”. The same group of investigators also showed, in another study [54], that it was
impossible to improve gas exchange after aerosolized surfactant in a non-uniform pattern of lung
injury. They found that the less injured arcas of the lung received relatively more surfactant than
the severely injured areas. They conclude that: "one should be cautious in administering
acrosolized surfactant to patients with ARDS who have non-uniform infiltrates on chest
radiograph"; this would imply, however, that aerosolized surfactant can not be used in ARDS,
since the lungs of an ARDS patient are always injured in a non-uniform way [33].

To improve the response to exogenous surfactant, it could be useful to lavage the lungs
of an ARDS patient with a bronchoscope in a lobe-wise fashion, in order to lower the protein
content of the alveoli, prior to surfactant administration [56]. However, lung lavages with, for

example, saline also remove endogenous surfactant, which leads to a further deterioration of lung
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function {57]. To avoid a deterioration of lung function by decreasing the amount of active
surfactant, broncho-alveolar lavage can be performed using diluted surfactant, as was
successfully shown in an animal model of ARDS [58].

Various surfactant preparations are commercially available, and have been used
successfully in worldwide clinical trials in neonates with RDS [52]. The natural surfactants
(derived from animal [ungs) contain surfactant proteins B and C while the artificial surfactant
preparations are protein free. Several animal and clinical studies have shown that the protein-
containing surfactants are more effective in improving lung function [59,60]. Also, various
studies have demonstrated that surfactant proteins reduce the surfactant inactivation that may be
caused by plasma constituents, which is of special importance in ARDS [61,62].

Application of exogenous surfactant in adult patients obviously requires a larger amount
of surfactant than in necnates. If the same dose is used, 7-10 g surfactant would be required to
treat one adult patient. At current prices, the cost of this treatment would be 30,000-50,000 euro
per patient. Thus, the price of surfactant has to be lowered before exogenous surfactant therapy

for adult patients can be applied on a larger scale.

The open lung concept

The open lung concept (OLC) is a ventilation strategy that aims to maintain lung aeration during
the entire respiratory cycle while preventing ventilation-induced injury to the surfactant system.
The physiologic rationale for the open lung concept is found in the LaPlace law (P=24/r,
P=pressure to stabilize an alveolus; y=surface tension at the air-liquid interface in the alveolus;
r=radius of the alveolus). From this law it follows that the pressure needed for alveolar expansion
increases in conditions associated with a decreased surfactant function as, for example, in ARDS.
Experimental studies on surfactant dysfunction show the behaviour of the alveoli to be quantal;
that is, they are either open or closed [63]. A critial opening pressure has to be reached until
previously collapsed alveoli can be opened (Fig. 3). Once they are opened, they remain open until
the pressure drops below a critical level, then immediate collapse follows. Reopening requires
the high opening pressure again. Any state between open and closed is unstable and impossible

to maintain,
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The pressure needed to induce volume changes in an alveolus depends on the initial
radius. In other words, to get a certain volume change in larger alveoli, the change in pressure
required is much smaller than in alveoli which are collapsed or have a lower volume. Tt can
further be derived from the law of LaPlace that the pressure necessary to keep the alveoli
expanded is smaller at a high FRC, since the FRC directly correlates to the amount of open fung
units and to their size. Therefore, the PEEP necessary to stabilize the end-expiratory volume can

be minimized if the lungs are once totally opened to the FRC of & healthy lung.

V

0 Te. Te, P

Figure 3. Schematic drawing of a pressure-volume (P/V) curve showing the proposed mechanism of
alveolar recruitment and collapse. With the increase of pressure during inspiration the corresponding
change in volumne is given by the P-V curve (solid line). At A the alveolus is still collapsed. H is not before
point B that the critical opening pressure, Po, is reached, the increase in alveolar volume is iminediate
(dashed line) and reaches D, The alveolus is recruited (note that the intra-alveolar pressure is the same at
B and D). When the pressure is reduced to the closing pressure (Pc) at point C the change in volume
follows the solid line when the alveolus collapses again.
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In a clinical study Kesecioghu et al. investigated the effects of pressure-controlled
ventilation at different inspiratory/expiratory (I:E} ratios in ARDS patients [8]. They applied an
initial peak inspiratory pressure (PIP) of 50 e, O tor 10 minutes to reacrate atelectatic lung
regions (that is, to open up the lung), and prevented them from end-expiratory collapse by
applying a high enough PEEP (that is, they kept the lung open). With this open lung strategy,
significant increases in PaO, were obtained with increased I:E ratios. In addition, they showed
that when the ventilation mode was changed from volume to pressure controlled with an I:E ratio
of 4:1, PIP and intraputmonary pressure amplitude were markedly decreased. Eftects on patient
outcome were not investigated in this study.

‘The increase in oxygenation obtained with application of an open lung strategy in patients
with severe lung injury was confirmed in a study by Amato ct al. [64]. In that study, a ventilation
strategy was used that combined permissive hypercapnia, PEEP levels above the lower inflection
point of the static pressure-volume curve, and a low tidal volume, together with limited peak
inspiratory pressures. Furthermore, the application of this approach resulted in a higher rate of
weaning, a faster normalisation of lung function and a trend towards a higher survival. This
randomized study was the first one to demonstrate the beneficial effect and the feasibility of
opening up previously collapsed alveoli and keeping them open during the whole period of
artificial ventilation. In their study, Amato et al. found the effect on oxygenation of the change
in ventilation mode to be immediate though not optimal; the improvement in pulmonary
compliance was slow and occurred during the days following the change in ventilation strategy.
Recently, Amato and colleagues showed that the use of an open lung strategy in ARDS patients

results in an improved survival and a lower rate of barotrauma [65].

Partial liquid ventilation

Another rational freatment to compensate for the high retractive forces in an ARDS lung, in
which the increased surface tension at the air-liquid interface in the aiveoli leads to alveolar
collapse, is based on the elimination of the air-liquid interface by filling of the alveoli with fluid.
Filling of the lung with fluid thereby results in a marked reduction in the pressure that is required

to expand the Jungs, as discussed earlier (see Fig. 1). A group of liquids suitable to maintain gas
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exchange when they are instilled into the lungs are perfluorocarbons (PFCs). Once the lungs are
filled up to the level of FRC, gas ventilation is superimposed on these fluid-filled lungs; this
ventilation strategy is called partial liquid ventilation {(PLV).

Perfluorocarbons are a group of odorless, colorless, clear liquids that are inscluble in
aqueous media. PFCs have a high solubility of both oxygen and carbon dioxide, and a low but
constant surface tension. These compounds are very stable and biologically inert, and do not
seem to be metabolized by biological systems. When PFCs are administered to the lungs,
systemic absorption and distribution of small amounts of PFCs to other tissues has been
demenstrated; however, the main elimination of PFCs is through evaporation via the lungs. This

elimination is dependent on the vapour pressure of the specific PFC used [66].

Upper lung

Lower lung

Figure 4. Pancl A shows an atelectatic surfactant deficient alveoli at end-inspiration {dashed Hne) and end-
expiration {solid line). Panel B shows what happens after administration of PFC into the lung. Due to its
evaporation, a thin film of PFC is formed at the air-liquid interface and due to its low surface tension,
pulmonary compliance is improved. This occurs at a fow dose of PFC and does not improve at higher
doses of PFC. Some dependent alveoli are prevented from end-expiratory collapse by the non-
compressable PFC, which improves oxygenation. Panel C shows what happens if more PFC is instilled
into the lungs: more alveoli are recruted at end-expiration. Therefore, there is a dose-dependent
improvement in oxygenation with PFC during partial liquid ventilation.
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The hypothetical mechanism of PLV is explained in Fig. 4. Panel A shows the atelectatic
ARDS lung. After administration of a small dose of PFC (3 mlfkg) a thin film of PFC with a low
surface tension is formed at the air-liquid interface. Due to evaporation of PFC, this film reaches
the whole lung, including the alveoli that do not have direct contact with the instilled PFC (panel
B}. Due to this PFC film the increased surface tension at the air-liquid interface of the surfactant-
deficient lung is decreased. This leads to a reduction in inflation pressures needed to expand the
lung, and this pressure cannot be decreased further by administering more PFC. The dose-
dependent improvement in oxygenation is attributed to the opening and filling of collapsed
alveoli in the dependent lung parts with the non-compressable PFC, thereby preventing them
from end-expiratory collapse and thus allowing gas exchange to continue during the entire
respiratory cycle (panet C). Administration of more PFC leads to filling of more alveoli, thereby
reducing inlrapulmohary shunt. This mechanism is supported by resuits from Quintel et al., who
showed that during PLV, PFC is distributed predominantiy to the lower lung regions, whereas
gas exchange takes place in the upper hung regions [67]. In the normal lung, without PFCs,
surfactant is capable of reducing the surface tension at the alveolar air-liquid interface in relation
to changes in alveolar radius, thus providing alveolar stahility at any alveolar volume, even at
very low lung volumes. PFCs do not display this characteristic, since they have a constant surface
tension. When surfactant-deficient alveoli are only covered with a PFC film at the air-fiquid
interface {e.g. in the nondependent area of the lung), end-expiratory collapse can occur in these
alveoli during exhalation if the applied PEEP is not high enough to counterbalance the increased
retractive forces.

Besides preventing non-tluid-filled alveoli from end-expiratory collapse, a certain level
of PEEP is also necessary to prevent bulk movement of the fluid into the airways before
instituting the next inspiration {68]. This fluid movement would result in high peak pressures
inside the airways during PLV, at volume-constant ventilation, PEEP prevents this movement
by pushing the fluid distally, keeping it within the alveoli and thus preventing it from filling the
airways during each subsequent expiratory phase.

Partial liquid ventilation is currently being investigated in clinical trials in neonates and
adults with RDS. Leach et al. reported a pilot safety and efficacy study in thirteen premature

newborns with RDS who failed to respond to conventional therapy and exogenous surfactant
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treatment [69]. Instiliation of PFC resulted in an increase in Pa0; and dynamic compliance.
There were no serious adverse side effects associated with PLV. Ten infants completed the study,
eight of them survived.

Hirschl et al. reperted a study in 19 adults, children, and neonates in respiratory failure
who were treated with PLV [70]. For safety reasons, gas exchange was supported by extra
corporeat life support (ECLS). The primary cutcome nieasure was the aiveolar-arterial oxygen
ditference [(A-a)D0,] during 10-minute periods of disconnection of ECLS before and during
PLYV. The (A-a)D0, decreased during disconnection of ECLS, and static pulmonary compliance
increased over the initial three days of PLV. All patients tolerated PFC admrinistration without
hemodynamic compromise. During PLV, six patients had reaccumulation of previous ipsilateral
pneumothoraces and new pneumothoraces occurred in three patients. Of the 19 patients, 14 were
successfully weaned from ECLS and 11 survivors were well and without evidence of pulimonary
or adverse systemic effects from the administration of PFC after 2-12 months of foflow-up.

Comparable results were described in other reports from similar studies [71-75].
Repeated bronchoscopy of the PFC-filled fungs did not show any visible evidence of adverse
effects of PFC in the airways. In some patients, extravasation of PFC into the pleural space
occurred, but radiographs showed that the PFCs slowly resolved without evident injurious
effects. A disadvantage of partial liquid ventilation is that PFC may interfere with interpretation
of chest radiographs, because the radio-opague liquid can obscure the position of intravascutar
catheters and ECLS cannulas in the fluid-filled regions, as welt as making routine interpretation
of chest radiographs difficult, especially in patients with lung infections {73, 74]. It was also
shown that it is necessary to remove pulmonary secretions and exudate, which are immiscible
and, therefore, tloat on the surface of the PFC. They can be removed with suction to avoid
blocking the airways. The clinically relevant complications that could be related to PLV
described in all studies were pneumothoraces. To date, partial liquid ventilation has not
improved survival in these patients; however, these studies were not designed to detect

differences in mortality.

Sunmnary
In this chapter a description is given of the central role of surfactant in the pathophysiology of
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ARDS. The physiologic rationale for exogenous surfactant therapy, mechanical ventilation

according to the open tung concept, and partial liquid ventilation, are presented. These treatment

strategies all showed encouraging results in animal studies, and are now undergoing clinical

evaluation.
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Summary
Objective: To evaluate whether mechanical ventilation using the “open lung concept” during
surfactant depletion can attenuate the deterioration in pufmonary function.
Design: Expertmental, comparative study.
Setting: Research laboratory of a large university.
Subjects: Eighteen adult male Sprague-Dawley rats, weighing 280-340 g.
Interventions: Twelve rats were anesthetized, mechanicatly ventilated with 100% oxygen, and
randomly divided into two groups {(n=6 each). The open lung group underwent six saline lavages
at different ventilator settings that prevented alveolar collapse. The settings (expressed as
frequency/peak inspiratory pressure/positive end-expiratory pressure/inspiratory:expiratory ratio)
were 30/26/6/1:2 during the first lavage, 160/27/10/1:1 during the next two lavages and
100/33/15/1:1 during the last three lavages and during the remaining ventilation period. The
ventilated control group underwent six saline lavages with settings at 30/26/6/1:2. After the
lavages, peak inspiratory pressure and positive end-expiratory pressure were increased in this
group by 2 cm H,O each for the remaining study period. An additional group of six animals were
killed immediately after induction of anesthesia and served as healthy controls. Blood gases were
measured before lavage, immediately after the last tavage and thereafter hourly. At the end of
the 4-hr study period, we constructed pressure-volume curves from which we determined total
lung capacity at a distending pressure of 35 cm H;O (FLC;;). Subsequently, total lung volume
at a distending pressure of 5 em H,0 (V) was determined, followed by broncho-alvealar lavage.
Resuits: In the ventilated control group, Pa0,, Vs and TLC;s were significantly decreased,
and protein concentration of broncho-alveolar lavage was significantly increased compared with
the healthy countrol group. In the open lung group, Pa0; did not decrease after the lavage
procedure, and Vs, TLC;5 and protein concentration of broncho-alveolar lavage were comparable
with the healthy coatrols.
Conclusion: We conclude that application of the open lung concept during surfactant

depletion attenuates deterioration in pulmonary function.
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Introduction

In acute respiratory distress syndrome {ARDS}), dysfunction of the pulmonary surfactant system
leads to hypoxemia, decreased functional residual capacity (FRC) and decreased compliance [1].
Despite extensive research the mortality rate of ARDS remains > 50% {2]. New strategies that
are currently under clinical investigation include ‘open lung’ ventilation strategies, which aim
to reopen coliapsed but recruitable lung units and to keep them open by applying a sufficiently
high positive end-expiratory pressure [3-6]. Recent studies show that such strategy improves
oxygenation in ARDS patients, and is associated with a decrease in morbidity and mortality [7-
9.

Ventilation strategies that prevent repeated alveolar collapse are thought to prevent
further damage to the pulmonary surfactant system and progression of lung damage [10-13].
Because surfactant abnormalities are known to be present in patients who are at-risk for ARDS,
prophylactic use of such a ventilation strategy might prevent or attenuate the decrease in
pulmonary function by protecting (he surfactant systern [14}. A previous study, in which an open
lung concept utilizing an inspiration time of 80% was applied in ar animal model duoring
repeated lung lavage, showed that this strategy resulted in better gas exchange, hemodynamics,
and oxygen transport and less lung injury [5]; however, lung mechanics, composition, and
function of the surfactant system were not assessed.

We hypothesize that when the lungs are kept open in an early stage of lung injury,
surfactant function is better preserved resulting in less deterioration of pulmonary function,
Therefore, in this study, we applied a ventilation strategy with a high positive end-expiratory
pressure and a high frequency during repeated lung lavages, to evaluate whether severity of
respiratory distress can be influenced by maintaining a better residual surfactant function,

compared with conventional mechanical ventilation.

Materials and methods
The study protocol was approved by the University’s Animal Experimental Committee, and the
principles of laboratory animal care (National Institutes of Health publication 86-23, revised

1983) were followed.
The study was performed in 18 adult male Sprague-Dawley rats (body weight 280-340
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g). After induction of anesthesia with 2% enflurane and 65% nitrous oxide in oxygen, we
inserted a polyethylene catheter into a carotid artery to draw arterial blood samples. Before
tracheostoiny, the animals received 60 mg/kg (i.p.), of pentobarbital sodium (Nembutal, Algin
BV, Maassluis, the Netherlands). After tracheostomy, muscle relaxation was induced by ! mg/kg
(i.m.} pancuronium bromide I mg/kg (Pavulon, Organon Teknika, Boxtel, the Netherlands)
immediately followed by connection to a ventilator. The animials were mechanicalty ventilated
with a Servo Veatilator 300 (Siemens-Elema, Selna, Sweden) in a pressure constant time-cycled
mode, at an Fio, of 1.0, frequency of 30 breaths/minute, pezk inspiratory pressure set at 12 ¢
1,0, positive end-expiratory pressure set at 2 cm H;O, and inspiratory/expiratory ratio of 1:2.
Anesthesia was maintained with 40 mg /kg/h (i.p) pentobarbital sodivm; muscle relaxation was
maintained with | mg/kg/h (i.m.) pancuroninm bromide. Body temperature was kept within the
normal range with a heating pad. Immediately after induction of anesthesia, six animals were
killed and served as healthy, non-ventilated controls. The remaining animals subsequently
underwent six whole lung lavages with warm saline (37°C), according to Lachmann et al. {15].
During lavage, different ventilator settings were used in both groups, which are shown in Table
I. After lavage, peak inspiratory pressure and positive end-expiratory pressure were increased
in the ventilated control group to prevent critical hypoxia and remained unchanged in the open
lung group, atter which both groups were ventilated for 4 hrs (Table 1), The recovered volume
of lavage fluid was recorded, and a phosphorus analysis was performed on the lavage fluid to
quantify the amount of surfactant phospholipids washed out during lavage.

Arterial blood gas samples were taken before lavage, after favage, and hourly for 4 hrs,
The samples were analysed for PaQ, and PaCO, on a blood gas analyser (ABL 505, Radiometer,
Copenhagen, Denmark).
After the animals were killed with an overdose of pentobarbital, we recorded static pressure-
volume curves by using the syringe technigue. After the thorax and diaphragm were opened, the
tracheostomy catheter was connected to a pressure transducer with a syringe attached to it
(mnodel DP 45-32, Validyne Engineering, Northridge, CA, USA), and pressures were recorded
on a polygraph {model 7B, Grass Instrument, Quincy, MA., USA). First, the lungs were inflated
quickly with 100% nitrogen (N,) from the syringe to an airway pressure of 35 emH;0, which was

maintained for 5 secs, followed by deflation te an airway pressure of 0 eI, 0. Then, the lungs
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Table 1. Ventilator settings in the two ventilated groups.

Ventilated control group Open lung group
LAV LAV23 LAV4-6 >LAVG LAV1 LAV23 LAV4.6 »>LAV6
PIP {cmH,0) 26 26 26 28 26 27 33 33
PEEP (cmH,(0) 6 6 6 8 6 16 1% 15
Frequency 30 30 30 30 30 100 100 100
VE 12 1/2 172 1/2 172 /1 1A 1/1

LAV, lung lavage; PIP, positive inspiratory pressure; PEEP, positive end-expiratory pressure; I/E,

inspiratory/fexpiratory ratio.

were re-inflated with N, from the syringe in steps of 0.5 mi until an airway pressure of 35
emH,O was reached. For each step, the bolus of N; was administered quickly, and was followed
by a 5-sec pause to allow pressure equilibration. After this, the lungs were deflated likewise,
until an airway pressure of 0 cmH,0 was reached. The volume of N, left in the syringe was
recorded. From the pressure-volume curves we determined total lung capacity {TLCys), which
was defined as the fung volume above the collapsed volume at a distending pressure of 35
emtl,0, and maximai compliance (C,,,,), which was calculated from the steepest part of the
deflation limb,

After construction of the pressure-volume curves, the lungs were removed en bloc and
weighted, and lung volume at an airway pressure of 5 cmH,0 (V) was determined by ftuid
displacement. We chose a positive pressure of 5 cmH;0 to compensate for the loss of
transpulmonary pressure in the open chest [16]. The total lung volume at this distending pressure
was considered ciose to FRC.

After we assessed lung mechanics, the lungs were lavaged with 1.5 mmol/L. saline-CaCl,.
The active surfactant component in the bronchoalveolar lavage fluid was separated from the
nonactive surfactant component by differential centrifugation followed by subsequent
phosphorus analysis, and the ratio between nonactive and active components (small aggregate
to large aggregate ratio or SA/LA ratio) was calculated, as previously described by Veldhuizen

and colleagues [17]. We determined the protein concentration of the bronchoalveotar lavage
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tluid using the Bradford method (Bio-Rad protein assay, Munich, Germany) [18].

We performed statistical analysis by using the lastat statistical package (GraphPad
software, San Diego, CA, USA). For blood gases, we analyzed intergroup comparisons by using
the alternate (Welch) Student's t-test, and analyzed intragroup comparisons by using repeated-
measures analysis of variance (ANOVA). All other data were analysed with ANOVA. If
ANOVA resulted in a p < 0.05, a Tukey-Kramer posttest was performed. All data are reported

as mean = SD and p < 0.05 was considered statistically significant.

Resulis

In the lavage fluid from the six lavages used to induce lung injury, there were no significant
differences in fluid volume recovered (83% + 0.7% vs. 83% + 3%) and total amount of
phosphorus between the ventilated control group and open lung group (5.58 + 0.8 pmol vs. 5.28
+ 1.38 pumnol), respectively.

Blood gas values before lavage were comparable for both ventilated groups (Table 2).
After six lavages, PaQ, decreased to 102 = 118 torr [13.6 = 15.8 kPa] in the ventilated control
group, whereas in the open lung group Pa0, remained >500 torr {67 kPa] (p<0.001)( Table 2).
In both ventilated groups, PaO, did not change during the remaining study period. PaCO,
increased to >60 torr [8 kPa] (P<0.001} in the ventilated control group, whereas it remained in
the normat range (35-45 torr [4.7-6 kPa]) in the apen tung group (Table 2). During the 4-hr
ventilation period, none of the animmals died.

The pressure-volume curves are shown in Figure 1. TLC;s was decreased in the
ventifated control group compared with the healthy controls (p<0.01}, but in the open lung group
TLC;5 was preserved. C,,, was decreased in the ventilated control group compared with the open
lung group (5.4 £ 1.0 mL/cm HyO/kg vs. 8.6 = 2.8 ml/em H,O/kg; p<0.05), but in both
ventilated groups C,,, was decreased compared with the healthy control group (13.4 + 1.1
mL/cm H,O/kg, p< 0.001 vs. ventilated control, p<0.05 vs open lung group). There was no
difference between both ventilated groups in total lung volume at a distending pressure of 5
cmH,0 (Vs); however, only in the ventilated control group Vs was lower than in the healthy

control group (p< 0.001) (Table. 3).
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Table 2, Pa0, and PaCO; in the two ventilated groups

Pa0; PaCQO,

Venlilated control Open lung Ventilated control ~ Open Iung
Before lavage 5854 £ 362 3974 £ 38.0 43.6 * 6.7 42,1 + 5.1
After lavage 1023 + 11827 6213 + 317 648 + 16.4°% 332 + g0
1hr 1094 £ 1205°7 5993 + 367 627 + 192°7 400 + 89
2 hrs 1048 + 12557 6029 1 307 65.5 + 20.7°7 439 + 111
3 hrs 1005 + 112,08 5982 £ 37.3 669 + 22.0°7 441 + 116
4 hrs 100.8 + 11477 5005 + 416 688 + 24.6'7 440 + 938

Values are nrean + 8D, expressed in torr. To convert torr to kPa, multiply the value by 0.1333

¥ p< 0.05 vs. open lung group; ¥ p< 0.05 vs. before lavage,

Table 3. Vs and lung weight,

Healthy control group Ventilated control group Open lung group

3.5% 2.1 + 34

H

V; (mLikg) 170 + 3.7 74
Lung weight {g) 19+ 0.2 45 + (3% 45 = 0.3*

Yalues are mean + SD. Vg, total lung volume at a distending pressure of 5§ cmH,0. * p<0.05 vs. healthy control

group.
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Figure 1. Pressure-volume curves, mean + SD. Volume (mL/kg) is lung volume above functional residual
capacity. *p< 0.01 vs. healthy control group. Maximal compliance Cy,,, was decreased in the ventilated
control group compared with the open lung group (5.4 £ 1.0 vs. 8.6 + 2.8 mi/fom H,(O/kg; p< 0.05), but
in both ventilated groups C.. was significantly decreased compared to the healthy control group (13.4
+ 1.1 miJem HyO/kg, p<0.001 vs ventilated control, p<0.05 vs open lung group). Filled squares,

ventilated control group; filled triangles, open lung group; open circles, healthy controls.

The concentration of protein in the bronchoatveolar lavage fluid was increased in the
ventilated control group {(p< 0.001), whereas it was not increased in the open lung group (Fig.
2}. The total amount of phosphorus in the bronchoalveolar lavage fluid, which we measured to
quantify the phospholipid-containing surfactant systein, was obviously decreased in both lavaged
groups, but there were no differences between these groups (Table 4). The ratio between
nonactive and active surfactant components (SA/LA ratio) was significantly increased in both

ventilated groups compared with the healthy control group {p< 0.001) (Table 4),
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Figure 2. Protein concentration {mean + SD) (mg/mL}) of the bronchoalveolar lavage fluid of the three

study groups. * p< .05 vs. healthy control group.

Table 4. Pulmonary surfactant data; Total phosphorus, and small aggregate to large aggregate ratio

(SA/LA ratio) in the three study groups.

Healthy control group Ventilated control group Open lung group
Total phosphorus 0.14 = 0.06 0.07 + 003 0.06 = 001
(pmol/mL)
SA/LA ratio 03 + 0.1 16 = 06 ° L5 % 057

Values are mean + SD. *p<0.05 vs. Healthy control group
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Discussion

In this study, we defined the tungs to be open when Pa0, /Fi0; was above 500 torr {67 kPa,
indicating that there is no intrapulmonary shunting. We previously showed that surfactant-
deficient lungs can be opened and kept open when the open lung concept that applies a high
positive end-expiratory pressure and high frequency is used [3, 6, 19). Therefore, we used these
same settings in the present study to preserve oxygenation during surfactant depletion,

In the open lung group, gas exchange and total lung capacity were preserved, and protein
leakage into the alveoli was prevented, compared with the healthy control group. In the
ventilated control group, however, all these variables deteriorated. Compared with heaithy
controls, lung volume at a distending pressuie of 5 cm H;O (V), which we took to be FRC, was
significantly decreased only in the ventilated control group, aithough we found no significant
differences in Vs between the open lung and ventilated control groups.

An important deterininant of protein transport across the alveolar-capillairy membrane
is integrity of the alveolar epithelium. Repeated alveolar collapse has been shown to compromise
the integrity of the alveolar epithelium because of the occurrence of shear forces [20, 21].
Application of the open fung concept in an animal model after lung lavage previously was
demonstrated to decrease protein leakage [19; for review, see Ref. 21]. In addition, application
of positive end-expiratory pressure has been shown to favor the shift of fluid from the alveoli
to the interstitium by decreasing the pressure gradient across the alveolar-capiflary membrane
[22]. This may explain the decrease in protein leakage that was found in the open lung group,
in which end-expiratory alveolar collapse was prevented by application of a positive end-
expiratory pressure of 15 cmH,0.

We found no differences in surfactant quantity and quality (SA/ILA ratio) between the
open lung group and the ventifated control group (Table 4). It has been demonstrated that the
alveolar area cycling, which depends on the pressure difference between inspiration and
expiration, is responsible for converting active LA into nonactive SA [17]. The difference in
pressure amplitude was comparable between both ventilated groups, which may explain the
absence of any difference in SA/LA ratio between both ventilated groups. However, we found
significant differences between both ventilated groups in lung mechanics (TLCy; and maximal

compliance). We attribute this discrepacy between lung mechaaics and surfactant parameters to
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the difference in protein leakage, because it has been established that plasma proteins inhibit
surfactant function in a dose-dependent way [23]. Therefore, we conclude that prevention of
protein leakage during and after surfactant depletion is important to protect the remaining
surfactant function.

Recruitment of collapsed alveoli requires inspiratory airway pressures that overcome the
critical opening pressure of these alveoli, which implies brief application of a high inspiratory
airway pressure. However, airway pressures can be decreased once the lungs have been opened,
as has been pointed out previously, with reference to the law of LaPlace [3]. From this law
{P=2yfr, where P=alveolar pressure; y=surface tension at the alveolar air-liquid interface; and
r=alveolar radius) it follows that the pressure necessary to keep alveoli open and the pressure
difference to induce volume changes in the alveoli are smaller at a high FRC level (i.c. larger
abveolar radius). Therefore, when the lungs are opened, gas exchange can be maintained with a
lower positive end-expiratory pressure and smaller pressure difference, and hence, a lower peak
inspiratory pressure, than before alveolar recruitment. If positive end-expiratory pressure is kept
above the critical closing pressure, alveolar collapse will not occur and reperated application of
higher peak inspiratory pressure will not be necessary.

Although direct translation to the clinical situation is difficult, our results are in contrast
to those of a clinical study by Pepe et al. [24], who found that early application of positive end-
expiratory pressure in high-risk patients did not affect the incidence of ARDS. However, those
authors used a positive end-expiratory pressure of 8 cmH,0, and removed the positive end-
expiratory pressure for 8 mins when taking blood samples, thus allowing alveclar collapse. In
a more recent study, Steward et al. {25] evaluated the use of a pressure- and volume limited
ventilation strategy in patients at high risk for ARDS. Steward et al. [25], who reported no
reduction in mortality and possibly an increase in morbidity, also used an average positive end-
expiratory pressure of <10 cmH;0. We hypothesize that the positive end-expiratory pressure
levels used in these latter studies were not high enough to prevent alveolar collapse, which may
have increased protein leakage. This hypothesis is supporied by results from Gattinoni et al. [26],
who in a computed tomography study of ventilated ARDS patients, showed that reinflated jung
tissue could only be kept open at end-expiration at positive end-expiratory pressure levels of 15

cmH;0 and higher. This might explain the results by Kirby et al. [27] and Douglas and Downs
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{28], who showed an improvement in pulmonary function in patients with acute respiratory
failare after application of a PEEP in excess of 25 cmiL,0, and more recently by Amato et al. [9],
who demonstrated that application of an open lung approach in ARDS patients resulted in
improved survival and reduction of barotrauma.

We conclude that the application of the open lung concept during surfactant depletion
prevents a decrease in gas exchange, atienuates the deferioration in lung mechanics, and prevents
an increase in protein leakage. The prevention of protein leakage is of special importance in
surfactant-deficient lungs, because the low amount of remaining surfactant makes it more
vulnerable to inhibition of its function, We speculate that the prevention of end-expiratory
collapse during mechanical ventilation in the early phase of acute respiratory failure may

decrease morbidity and mortality in patients.
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Summary

We have compared three treatment strategies, that aim to prevent repetitive alveolar collapse,
for their effcct on gas exchange, lung mechanics, lung injury, protein transfer into the alveoli and
surfactant system, in a model of acute lung injury. In adult rats, the fungs were ventilated
mechanically with 100% oxygen and a PEEP of 6 em H,O, and acute lung injury was induced
by repeated lung lavage to obtain a Pa0, <13 kPa. Animals were then allocated randomly (n=12
in each group) to receive exogenous surfactant therapy, or ventilation with high PEEP (18
cmih, ), partial liquid ventilation, or ventilation with low PEEP (8 cmmH,0) (ventilated
controls). Blood-gas values were measured hourly. At the end of the 4 h study, in six animals
per group pressure-volime curves were constructed and broncho-alveolar lavage (BAL) was
performed, whereas in the remaining animals fung injury was assessed. In the ventilated control
group, arterial oxygenation did not improve and protein concentration of BAL and conversion
of active into non-active surfactant components increased significantly. In the 3 treatment
groups, Pa0; increased rapidly to >50 kPa and remained stable over the next 4 k. The protein
concentration of the BAL fluid increased significantly only in the partial liquid ventilation
group. Conversion of active to non-active surfactant components increased significantly in the
partial liquid ventilation group and in the group ventilated with high PEEP, In the surfactant
group and partial liquid ventilation group, less luag injury was found compared with the
ventilated control group and the group ventilated with high PEEP, We conclude that although
all three strategies improved PaO, to >50 kPa, their impact on alveolar protein transfer into the

alveoli, swrfactant system, and hing injury differs markedly.
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Introduction

Acute fung injury (ALI) is a condition of acute respiratory failure, in which lack of active
surfactant leads to alveolar collapse, resulting in severe hypoxia {1]. Available treatments
include mechanical ventilation with high inspiratory oxygen concentration and high peak
alveolar pressures with large distending tidal volumes, but these are known to induce lung
damage [2]. Ventilation strategies that prevent repeated alveolar coliapse are thought to prevent
further progression of lung damage [3]. Therefore, new treatment strategies that aim to prevent
repetitive alveolar collapse during ALI are under investigation,

These new strategies include: 1) pressure-controlled ventilation that recruits collapsed
lung areas by applying an inspiratory pressure that overcomes the opening pressure of collapsed
but recruitable lung units. After recruitment, ventilation pressures are reduced and PEEP is set
just above the critical closing pressure of these lung unils to prevent end-expiratory collapse [4,
57. 2) Partial liquid ventilation, in which ventilation is superimposed on lungs that are filled with
perfluorocarbons thus preventing expiratory collapse [6, 7]. 3) Exogenous surfactant therapy,
in which the lost active surfactant is replaced [8, 9].

Studies have shown that these strategies improve oxygenation while diminishing the
effects on lung injury in animal models of ALI [4, 8, 10]. All three strategies are currently under
investigation for clinical use, and although some of the results are promising, they have not been
compared directly [11-15]. In this study, we have compared these three techniques for their
efficacy on improving arterial oxygenation and luag mechanics in rats who underwent
bronchoalveolar lavage, and assessed their impact on transfer of protein into the aiveoli, the

surfactant system and on lung injury,

Methods

The study was approved by the University's Animal Experimental Commiittee, and the care and
handling of the animais conformed with European Community guidelines {(86/609/EC). The
study was performed in 60 adult male Sprague-Dawley rats (body weight 270-330 g). After
induction of anaesthesia with 2% enflurane and 65 % nitrous oxide in oxygen, a polyethylene
catheter was inserted into a carotid artery for drawing arterial blood samples. Before

tracheostomy, the animals received pentobarbital (pentobarbitone) 60 mg/kg (i.p.) (Nembutal,
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Algin BV, Maassluis, the Netherlands}. After tracheostomy, neuromuscular block was produced
with pancuronium 1 mg/kg (i.m.} (Pavulon, Organon Teknika, Boxtel, the Netherlands) followed
immediately by connection to a ventilator. The animals underwent mechanically ventifated with
a Servo Ventilator 300 (Siemens-Elema, Solna, Sweden) in a pressure constant time-cycled
mode, at an inspired oxygen concentration (FiQ,) of 1.0, frequency of 30 bpm, peak inspiratory
pressure (PIP) of 12 cm H,0, positive end-expiratory pressure (PEEP) of 2 cm H,0, and
inspiratory/expiratory (I/E) ratio of 1:2. Anaesthesia was maintained with pentobarbital 40
mg/kg/h {i.p.) and neuromuscular block was maintained with pancuronium 1 mg/kg/h (i.m.)
Body temperature was maintained within normal range using heating pad. Immediately after
induction of anaesthesia 12 animals were killed and served as healthy controls,

Acute lung injury was induced by repeated broncho-alveolar lavage (BAL} (32 mi/kg)
with warm saline (37°C), according to Lachmann and colieagues [16]. BAL was repeated as
often as necessary to produce a Pa0,<13 kPa at a PIP and PEEP of 26 and 6 cm HyO,
respectively. Within 10 min of the last lavage, the animals were allocated randomliy to one of
the following groups (n=12 each). In the first group, the lungs were opened by increasing PIP
to 40 cm H,O and PEEP to 20 cm H,C, and the I/E ratio was set at 1:1. After 2 to 3 min, PIP was
decreased to 35 cm H;0 and PEEP to 18 cm H;0, and arterial blood-gas values were obtained.
Ventilator setting remained unchanged for the rest of the study. The second group received an
intra-tracheal bolus dose of perfluorocarbon 15 mifkg (APF-175A; Perfluoro-dimethyldecalin,
Fluoro-Seal Inc, Round Rock, USA} after disconnection from the ventilator. APF-175A is a
perfluorecarbon with a density of 1.98 g/ml, a vapour pressure of 0.09 kPa, a surface tension of
20.5 dynes/cm and an oxygen solubility of 35 m! O, per 100 ml pertluorocarbon per atmosphere
of oxygen pressure (all values at 25°C). During the study, evaporational losses of
perfluorocarbon were compensated for by administering substitution doses. The substitution
doses were based on our previous experience with this model, and aimed at maintaining Pa0,
constant during the rest of the study. The third group received exogenous surfactant at a dose
of 120 mg/kg. The surfactant used was isolated from minced pig lungs, prepared as described
previousiy {17]. The freeze-dried material was suspended in warm saline to a concentration of
40 mg/m, and administered intra-tracheally, after disconnection from the ventilator. The

swifactant suspension was administered as a bolus followed by a bolus of air (12 ml/kg), directly
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into the endotrachea!l tube via a syringe, and was followed immediately by re-connection to the
ventilator. In the fourth group, ventilator pressures were increased by 2 emH,0 (PIP/PEEP of
28/8 em HO) to prevent critical hypoxia and remained unchanged throughout study. This group
served as ventilated controls.

Arterial blood-gas samples were obtained before lavage, after lavage, and hourly for 4
h. Samples were analysed for arterial oxygen tension (Pa0,) and arterial carbon dioxide tension
(PaCQ,) using an electrochemical blood-gas analyser (ABL 503, Radiometer, Copenhiagen,
Denmark).

At the end of the experiment, the animals were killed by an overdose of pentobarbital.
Six animals from each group were selected randomly for histopathologic examination. The lungs
of these animals were fixated, sectioned and stained as described previously [18]. A semi-
quantitative morphometric analysis of fung injury was performed under blinded conditions by
a pathologist (R.8.), who scored atelectasis, oedema, vascular wall thickening and leucocyte
infiltration as none, light, moderate or severe (score 0, I, 2 or 3, respectively). Lung injury score
was defined as the average from all parameters for each group.

The remaining animals from each group were used to assess lung mechanics, Static
pressure-volume curves were recorded using conventional techniques [16]. Total lung capacity
{TLCs5) was defined as lung volume at inflation with a distending pressure of 35 cmH,0. After
pressure-volume recordings, BAL was performed five times with saline-CaCl, 1.5 mmol/itre.
The active surfactant component in the BAL fluid was separated from the non-active surfactant
component by differential centrifugation followed by subsequent phosphorus analysis, and the
ratio between non-active and active components (small aggregate to large aggregate ratio
{SA/LA) ratio) was calculated, as described previously [19]. Protein concentration of BAL fluid
was determined using the Bradford method (Bio-Rad protein-assay, Munich, Germany) {20].

Statistical analysis was performed using the Instat statistical package. Inter-group
comparisons were analysed with ANOVA and intra-group comparisons were analysed with
repeated measures ANOVA. If ANOVA resulted in a p < 0.05 a Tukey-Kramer post-test was
performed. All data are reported as mean + SD and p < 0.05 was considered statistically

significant.
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Results

Blood gas values before and immediately after lavage were comparable for all groups (Fig.I,
Table 1). None of the animals died during the 4 h observation period. In the ventilated control
group Pa0, did not improve whereas it increased to pre-lavage values and remained stable
during the 4 h observation period in the surfactant treated group and the group ventilated with
high PEEP (Fig. I). In the partial liquid ventilation group, instillation of a bolus dose of
perfluorocarbon 13 mikg resulted in a significant improvement of Pa0, but pre-lavage values
were not reached (Fig. I). Pertlucrocarbon needed to be substituted periodically to compensate
for the evaporational loss and the substitution dose of perfluorocarbon was 1.1 + 0.4 ml/kg/h.

PaCO,; data are give in Table L. PaCO, decreased significantly in both the surfactant
treated group and the partial liquid ventilation group, and was significantly lower in the
surfactant treated group compared to the other groups (Table 1).

Figure 2 shows the deflation limbs of the pressure-volume curves, At deflation less than
15 em H,0, lung volume in the healthy controls exceeded lung volume in all other groups, other
than the group treated with surfactant. TLCss was significantly decreased in the ventilated
control group, but not in the three treatment groups, compared with the healthy controls.

The protein concentration of BAL fluid was significantly increased in both the partial
liquid ventilated group and the ventilated control group compared with healthy control animals
(Fig. 3). SA/LA ratio, the ratio between non-active and active surfactant components, was
significantly increased in the ventilated control group, the group ventifated with high PEEP, and
the partial liquid ventilation group, but not in the surfactant treated group (Fig. 4). Compared
with healthy control animals, the total amount of phosphorus in BAL fluid, measured to quantify
the phospholipid-containing surfactant system, was significantly lower in the ventilated control

group, the group ventilated with high PEEP, and the partial liquid ventilation group (Table 2).
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Table 1. PaCOs (mean (SD), kP2) for ali treatment groups. Before lavage (Healthy), immediately after lavage (Lav) and 1, 2, 3 and 4 hours after

lavage. § p<0.05 compared with SURF group. * p<0.05 compared with CONTR group. Intra-group comparisson: § p<0.05 compared to Lav.

CONTR = ventilated controls with low PEEP; H-PEEP = high PEEP; PLV = partial liquid ventilation; SURF = exogenous surfactant therapy.

Healthy Lav 1h 2h 3h 4h
CONTR 5.8{0.9) 9.0 (1.4) 7.5 (17T 771787 7801887 5.0 2.1)
H-PEEP 5.2(0.6) 8.6(1.3) 7.7 (1.2)° 6.9 (1571 64177 6.8 (1.8 7
PLV 5.5(1L1) 9.9(1.5) 6.8 (1.68°7 6.6 (L7817 621877 6.1(1.9)* 1
SURF 52(12) 8.5(1.5) 47 (0.6)7 4.4 (0.5)1 43(0.6)" 450.7)7
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Figuwre 1, Pa0; values (mean + SD, kPa) in the ventilated control, surfactant-ireated, partial liquid

ventilation (PLV) and high {(H) PEEP groups. * p < 0.05 vs. PLV group.
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Figure 2, Deflation limbs from the pressure-volume curves, (mean * SD) in healthy control, ventilated
control, surfactant-treated, partial Hquid ventilation (PLV) and high (H) PEEP groups. Volume is lung
volume above FRC. At deflations less than 15 emH,0, lung volume in the healthy contrels exceeded lung
volume in all other groups, except the surfactant-treated group. TLC;s was decreased only in the ventilated

control group compared with the healthy control group.

52



Surfactant vs ligh PEEP vs PLV

lafuls: o
Healthy Ventilated Surfaciant H-PEEP  PLV
control  control

Figure 3. Protein concentration (inean + SD, mg/ml) of BAL fluid in healthy control, ventilated control,
surfactant-treated, partial liquid ventilation (PLV) and high (H) PEEP groups. * p < 0.05 vs, healthy

control group.
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Figure 4. Ratio between non-active and active surfactant components (inean + SD) in healthy control,
ventilated control, surfactant-treated, partial liquid ventilation (PLV) and high (H) PEEP groups.
(SA/LA, small to large aggregates). * p < (.05 vs. healthy control group.
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Semi-quantitative lung injury analysis showed that in both the surfactant and the partial liquid
ventitation groups, lung injury was significantly lower than in the two groups that were
ventilated only (high and low PEEP, Figure 5). However, only in the surfactant group, hung

injury was not significantly increased compared with the healthy controls,

Table 2. Total phosphorus recovered from bronchoalveolar lavage fluid (mean + S, pmol/mt). § p<0.05
vs. healthy controls (Healthy); 1p<0.05 vs. all other groups. Control = ventilated controls with low PEEP;
H-PEEP = high PEEP; PLV = partial liquid ventilation; surfactant = exogenous surfactant therapy.

Total phosphorus (Lmeol/inl)

Healthy 0.14 £0.06

Controt 0.05+0.01°
H-PEEP 0.05+0.01°F
PLV 0.05£0.01°
Surfactant 0.45 % 0.057

BE: 11

Lung injury score

Healthy Ventilaled Surfactant H-PEEP  PLV
control  control

Figure 5. Lung injury score {mean 1 SD) in healthy control, ventilated control, surfactant-treated, partial
liquid ventilation (PLV) and high (H) PEEP groups. * p < 0.05 vs. healthy control group; 1p < 0.05 vs.

surfactant group; § p < .05 vs. partial liquid ventilation group.
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Discussion

We have shown that although exogenous surfactant therapy, ventilation with high PEEP and
pattial liquid ventilation increased PaQ), to greater than 50 kPa, the impact on transfer of proteins
into the alveoli, tung injury, and on the surfactant system differed markedly. Ventilation with
high PEEP and exogenous surfactant therapy prevented transfer of proteins into the alveoli,
whereas partial liquid ventifation did not. Conversion of active to non-active surfactant
aggregates was increased in both the partial liquid ventilation group and the group ventilated
with high PEEP, but not in the surfactant treated group. Lung injury score was reduced in both
the partial liquid ventilation and the surfactant groups compared with the groups that were
ventilated only.

The sustained improvement in Pa0, to pre-lavage values in the group ventilated with
high PEEP indicateslthat the applied PIP and PEEP were sufficient to open the Jungs and to keep
them open {Fig. 1). That alveolar recruitment and stabilization in this group was a result of
mechanically counterbalancing the increased retractive forces and not recovery of the
endogenous surfactant system, was evident by the lack of improvement in surfactant variables
of BAL fluid determined at the end of the study (Table 2). However, protein concentration of
BAL fluid was not increased during the 4-h ventilation period with high PEEP. This is important
as plasma proteins are known to inhibit surfactant function in a dose-dependent manner {21].
Therefore, protein leakage may mediate the destructive chain of events that lead to further
progression of lung injury. The clinical significance of the findings in this high PEEP group
remains to be determined, but studies by Kesecioglu, Tibboel and Lachmann [11], and recently
by Amato and colleagues [12], have shown an improvement in Pa0, in patients when using an
‘open lung’ strategy, and provided the first results indicating that the technique is associated
with a decrease in morbidity and mortality {22].

In surfactant-deficient lungs, partial liquid ventilation with perfluorocarbons has been
shown to provide adequate gas exchange, which was confirmed in our study (Fig. 1} [10, 23].
However, despite the high Pa0, values which indicate that the lungs were kept open, we found
that transfer of proteins into the alveoli was increased after partial liquid ventilation for 4 hours
(Fig. 2). The mechanism responsible for this is not known. It is hypothesized that the

improvement of gas exchange with partial liquid ventilation results from fitling the collapsed
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atelectatic alveoli in the dependent part of the lung with the non-compressible, high-density
perfluorocarbons thus preventing them from end-expiratory collapse. In the non-dependent part
of the lung, a thin film of perfluorocarbons is formed at the air-liquid interface because of
evaporation of perfluorocarbons from the lower lung regions [23]. We speculate that as a result
of the low constant surface tension of perflucrocarbon, the retractive forces in the non-dependent
part of the lung are reduced, resulting in large volume changes at small increments in pressure,
making the lungs prone to epithelial overstreching, which has been shown to damage the
alveolar-capiflary membrane leading to increased transfer of proteins into the alveoli {24} (for
review see Dreyfuss and Saumon [25]). This mechanism is supported by a study of Cox and
colleagues [26] who showed that during partial liquid ventilation perfluorocarbon is distributed
predominantly to the fower lung regions, whereas gas ventilation takes place in the upper lung
regions. Furthermore, severat pathology studies have demonstrated a significant variance in lung
injury between the non-dependent and dependent lobes after partial liquid ventilation, with
greater non-dependent lobe damage [27, 28],

In our study, the partial liquid ventilation and the surfactant groups underwent
ventifation with the same PIP and PEEP pressures, but the protein concentration of the BAL
fluid from the surfactant group was not increased (Fig. 2). Pulmonary surfactant has the unique
property of reducing surface tension in parallel with a decrease in alveolar radius, thus keeping
the ratio of surface tensionfradius of the alveolus constant and thus preventing epithelial
overstretching. Furthermore, as seen in the surfactant-treated group, a lower lung injury score
was found in the partial Hquid ventilation group despite the increased transfer of protein into the
aiveoli. This probably reflects a direct effect of perfluorocarbon on inflammation processes, as
in vitro evidence suggests a decrease in alveolar macrophage and neutrophil adherence,
chemotaxis, phagocytosis and superoxide release [29, 30].

Total lung capacity on a distending pressure of 35 cm HyO (TLC3s) was decreased only
in the ventilated control group (Fig. 3). As substances with surface tension lowering properties
were administered into the lungs of the partial liquid ventilation group and the surfactant treated
group, it is not surprising that TLC,s was preserved in these groups. However, preservation of
TLCys in the group ventilated with high PEEP, but decreased TLC;; in the ventilated control

group is striking as there were no differences in recovery of pulmonary surfactant between these
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groups (Fig. 4, Table 2). We speculate that the difference in TLCys is explained by the difference
in transfer of protein into the alveoli between these two groups, because of inhibition of the
already compromised surfactant function by plasma proteins, as mentioned above.

In our study we used the tung lavage mode! which has been studied extensively and is
considered a reliable mode! of acute lung injury [16]. Repeated whole-lung lavage produced an
acute quantitative surfactant deficiency and, together with conventional mechanical ventilation
teading to severe lung injury with impaired gas exchange, decreased lung compliance and FRC,
increased permeability changes of the alveolo-capillairy membrane with oedema, and sustained
pulmonary hypertension [16, 17, 31]. Despite the fact that the lung injury in this study is not
representative of the pathology in humans with ALL this model is ideal for testing interventions
which may prove therapeutic for acute lung injury [4, 6, 17].

In summary, we have shown that although exogenous surfactant therapy, mechanical
ventilation with high PEEP and partial liquid ventilation opened up the lungs and kept them
open, as indicated by the high PaO; values, the impact on pulmonary function differed markedly.
Only with exogenous surfactant therapy there was improvement in aif variables. Some studies
have reported physiological and pathological benefits of partial liquid ventilation or ventilation
with high PEEP in combination with exogenous surfactant, but whether either one of such
hybrid techniques has advantages over the use of exogenous surfactant alone remains yet to be

confirmed.
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Summary

Application of a ventilation strategy which aims to recruit collapsed alveoli and to prevent them
from repeated collapse by applying a high PEEP, has shown to decrease alveolar protein influx
in experimental acute lung injury (ALI). This could be important for the puimonary response
to exogenous surfactant, since plasma proteins are known to inhibit surfactant function. This
study was performed to evaluate the effect of exogenous surfactant on [ung mechanics atter 4
hours of mechanical ventilation with either high or low PEEP. Twenty-two adult male Sprague-
Dawley rats were anaesthetized, tracheotomized and submitted to pressure controlled
mechanical ventilation with 100% oxygen. One group served as healthy controls (n=6). In the
remaining animals acute fung injury was induced by repeated lung lavages to obtain a Pa0,<13
kPa at a peak inspiratory pressure (PIP) of 26 ¢cmH,0 and a PEEP of 6 ¢mnH,0. After steady
state, animals were randomly divided to receive either ventilation with high PEEP (n=8; 100
breaths/min., EE=1:1, PIP of 35 cmH,0, PEEP of 18 cmH;0), or to receive conventional
mechanical ventifation (PIP of 28 cmH,0, PEEP of 8 cmH,0; n=_§; control group). After four
hours of ventilation, all animals received exogenous surfactant (120 mg/kg) and ventilation was
continued for 15 minutes. At the end of the study pressure-volume curves were constructed from
which total lung capacity at 35 cmH,0 (TLC;5) and maximat compliance (C,,.,) were calculated,
and thereafter broncho-alveolar lavage was performed to assess alveolar protein influx. After
lavage, PaO, remained around 13 kPa in the ventilated contrel group and improved to >66 kPa
in the high PEEP group. After surfactant, Pa0, was >53 kPa in both groups. In the ventilated
conirol group alveolar protein influx was higher, and TLC;;s and Cp,, were lower than in the
high PEEP group. We conclude that the pulmonary response to exogenous surfactant after

mechanical ventilation in experimental ALI is improved when a ventilation strategy with high

PEEP is used.
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Introduction

Mechanical ventilation strategies that prevent repeated alveolar collapse are thought to prevent
further progression of lung injury during ventilation of surfactant deficient lungs [1, 2].
Application of a high PEEP was previously shown to decrease accumutation of lung water,
protein leakage and prevent intra-alveolar edema in experimental acute hung injury (ALI} [3-5].
A decrease in protein transfer into the alveoli has important consequences for pulmonary
function, since proteins are known to inhibit surfactant function in a dose dependent way [6]. In
previous studies in an animal model of ALIL we showed that ventilation with a high PEEP
attenuated the decrease in lung mechanics, which was attributed to a decrease in protein transfer
into the atveoli [3, 7].

Exogenous surfactant is successfully administered in the respiratory distress syndrome
(RDS) of the premature newborn, resulting in improvement of gas exchange, lung mechanics,
and outcome [8]. Since hypoxia and deterioration in lung mechanics in ALI are also caused by
a lack of active surfactant, the efficacy of surfactant replacement in ALT is currently evaluated
in both experimental and clinical studies [9-11]. An important probiem with surfactant therapy
in adults is the high costs and non-availability of the large amounts of surfactant that are needed.
A decrease in ventilation-induced protein influx in ALI patients who may benefit from
exogenous surfactant might reduce the surfactant dose required to improve palmonary function,
which could make surfactant replacement in ALI more feasible.

We hypothesize that the improvement in lung function that is obtained by surfactant
replacement in experimental ALI after 4 h of mechanical ventitation, is better when during
ventilation a high PEEP is used to decrease aiveolar protein influx. We therefore ventilated
surfactant-depleted rats with either a high or a low PEEP, followed by surfactant replacement,

and evaluated gas exchange and lung mechanics.

Methods

The study protocol was approved by the University's Animal Experimental Committee, and the
care and handling of the animals conformed with European Community guidelines (86/609/EC).
The study was performed in twenty-two adult maie Sprague-Dawley rats (body weight 270-330

£). After induction of anaesthesia with 2% enflurane and 65% nitrous oxide in oxygen, a
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polyethylene catheter was inserted into a carotid artery for drawing arterial blood samples.
Before tracheostomy, the animals received 60 mg/kg pentobarbital sodium, i.p. (Nembutal, Algin
BV, Maassluis, the Nether!andsi After trachcostomy, muscle relaxation was induced by
pancuronium bromide | mg/kg, i.m. (Pavulon, Organon Teknika, Boxtel, the Netherlands)
immediately followed by connection to a ventilator. The animals were mechanically ventilated
with a Servo Ventilator 300 (Siemens-Elema, Solna, Sweden) in a pressure constant time-cycled
mode, at an inspired oxygen concentration (FiQ;) of' 1.0, frequency of 30 breaths per minute
(bpm), peak inspiratory pressure (PIP) of 12 cm HyO, positive end-expiratory pressure (PEEP)
of 2 cmH,0, and inspiratory/expiratory (I/E} ratio of 1:2. Anaesthesia was maintained with
pentobarbital sodium 40 mg/kg/h, i.p.; muscle relaxation was maintained with pancuronium
bromide I mg/kg/h, i.m. Body temperature was kept within normal range by means of a heating
pad. Six animais were killed immediately after induction of anaesthesia and served as healthy
controls.

In the remaining animals acute lung injury was induced by repeated bronche-alveolar
lavage (BAL) (32 ml/kg) with warm saline (37° C), according to Lachmann and colleagues {12},
BAL was repeated as often as necessary to produce a PaO;<13 kPa at a PIP and PEEP of 26 and
6 cinl L0, respectively. Within 10 min after the last lavage, the animals were randomised to one
of two study groups {(each group #=8). In the first group, mechanical ventilation according to the
open lung concept was applied. We have previously shown that this strategy, in which collapsed
alveoli are recruited by applying a high PIP and kept open with a high PEEP, PaO; can be kept
>63 kPa in surfactant-deficient rats {3). In the present study, we used identical ventilator settings.
First, the lungs were opened by increasing PIP to 40 emH;0 and PEEP to 20 cmH,0, and the
VE ratio was set at 1:1. After 2 to 3 min, PIP was decreased to 35 cmil,O and PEEP to {8
emH,0, and arterial blood gas samples were taken. Ventilator setting were kept unchanged for
the remainder of the study period. In the second group, that served as ventilated controls,
ventilator pressures were increased by 2 cmll,O (PIP/PEEP of 28/8 cmH,0). These ventilator
settings were chosen based on the results from a previous study using this model, where it was
found that at these settings Pa0, remained stable at a low value of about 13 kPa for 4 h at an
FiQ; of 1.0, indicating that large parts of the Iungs remain atelectatic {3]. Protein transfer into

the alveoli was found to be increased with these settings. In the present study, both ventilated
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groups were treated with exogenocus surfactant at a dose of [20 mg/kg after 4 hours of
ventitation. The surfactant used was isolated from minced pig lungs, that were processed as
previously described [13]. The freeze-dried material was suspended in warm saline to a
concentration of 40 mg/ml, and administered intratracheally, for which the animals were
disconnected from the ventilator. The surfactant suspension was administered as a bolus
followed by a bolus of air (12 mltkg), directly into the endotracheal tibe via a syringe, and was
immediately followed by re-connection to the ventilator. After surfactant administration,
ventilation was continued for 15 min, while ventilator settings were unchanged in both groups.
This short interval was chosen since maximal improvement of lung function by exogenous
surfactant occurs 2-5 min after administration, and because surfaclant inactivation by proteins
is an event that occurs instantaneously.

Arterial bloo& gas samples were taken prior to lavage, after favage, hourly for 4 h after
favage, immediately and 15 min after surfactant administration, The samples were analysed for
arterial oxygen tension (Pa0,} and arterial carbon dioxide tension (PaCO;) on an electrochemical
blood gas analyser (ABL 505, Radiometer, Copenhagen, Denmark).

At the end of the experiment, the animals were killed by an overdose of pentobarbital.
Static pressure-volume curves were recorded using conventional techniques. Total lung capacity
(TL.Cy5} was defined as lung volume at inflation with a distending pressure of 35 cmi,0.
Maximal compliance (C,,.) was defined as the steepest part of the deflation limb of the pressure-
volume curve. After the pressure-volume recordings, BAL was performed five times with saline-
CaCl; 1.5 minol/litre. The active surfactant component in the BAL fluid was separated from the
non-active surfactant component by differential centrifugation followed by subsequent
phosphorus analysis, and the ratio between non-active and active components (small aggregate
to large aggregate ratio = SA/LA ratio) was calculated, as previously described by Veldhuizen
and colleagues [14]. The prolein concentration of the BAL fluid was determined using the
Bradford method {Bio-Rad protein-assay, Munich, Germany) [15].

Statistical analysis was performed using the Instat 2.0 biostatistics package (GraphPad
software, San Diego, CA, USA). For blood gases inter-group comparisons were analysed using
the alternate (Welch) t-test, while intra-group comparisons were analysed using repeated

measures ANOVA. All other data were analysed with ANOVA.If ANOVA resulted in a p < 0.05
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a Tukey-Kramer post-test was performed. All data are reported as mean = SD and p < 6.05 was

considered statistically significant.

Results
Blood gases before and immediately after favage were comparable for both ventilated groups
(Fig.1 and Table 1). None of the animals died during the 4 h and 15 min observation period. In
the group ventilated with high PEEP, Pa0; increased to pre-lavage values and remained stable
during the 4 h ventilation period, but decreased to 61.8 + 5 kPa after surfactant administration.
In the control group, Pa0; did not improve until surfactant was administered, after which Pa0,
increased to 54.0 & 17 kPa.

PaCQ, data are given in Table 1. In both ventilated groups PaCO; increased after lavage,

and remained unchanged during the entire study period {Table 1).
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Figure 1, Pa0, values (mean + 8D, kPa) of the ventilated groups. Striped bars=high PEEP group; open
bars=ventilated control group with low PEEP; Before Lav=before lavage; After Lav=after lavage;
surf=after surfactant administration; S+15=15 minutes after surfaciant administration. * p<0.05 vs. 240

minutes.
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Table 1. PaC0O; values (mean + SD), kPa) for the ventilated groups, before lavage (Healthy), immediately
after lavage (Lav), 60, 120, 180 and 240 minutes after lavage, immediately after surfactant adminisiration
(Surf), and 15 minutes after surfactant (Surf+15’). *p<0.05 vs. Healthy. H-PEEP=high PEEP;

Control=ventilated controls with low PEEP,

H-PEEP Control

Healthy 49+ 1.0 5.0+0.8

Lav 6.7+ 0.9* 72x13%
60" 7.6+ 1.8% 6.7 % 1.6%
120 7.1+ 1.5% 70+ 18%
180 7.5+ 1.6% 7.3 £ 1.9%
240 7.6 £2.0% 7.6 +1.6*
Surf 7.1+2.4% 7.7+ 1.8%
Surf+15’ 7.8 + 2.6% 78%2.1%

The protein concentration of BAL fluid was significantly increased in both ventilated
gronps compared to healthy controf animals (Fig. 2). However, in the ventilated control group
protein concentration was significantly higher than in the high PEEP group.

There were no differences in SA/LA ratio between the three groups (Table 2). In
comparison with healthy control animals, the total amount of phosphorus in the BAL fluid (that
was measured to quantify the phospholipid-containing surfactant system) was significantly

higher in both groups that received exogenous surfactant (Table 2).

Table 2. Data on maximal compliance (Cp.,, mifcm HyO/kg), total phosphorus (Mmol/mb) recovered from
the BAL fluid, pmol/ml, and SA/LA ratio, all values mean £ SD). * p <0.05 vs. healthy controls
(Healthy), * p <0.05 vs. high PEEP.

Conax Total phosphorus SA/LA ratio
{ml/cm H,O/kg) (umol/ml)
Healthy 134+ 1.1 0.14 £ 0.06 031012
High PEEP . 100226 0.32 + 0.08% 036017
Control 6.8+ .24 0.29 + 0.06* 047 £0.19
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Figure 2. Mean protein concentration = SD, mg/ml, of the BAL fluid of the different groups. * p < 0.05
vs healthy controls (Healthy); T p < 0.05 vs high PEEP group.

Figure 3 shows the pressure-volume curves. On deflation to 15 emH,0, lung volume is
decreased only in the ventilated control group. Below 15 eml;0, lung volume in both ventilated
groups is decreased compared to the healthy controls. Maximat compliance {C,,,,) was decreased
in the ventilated contro! group compared to the high PEEP group, and to the healthy controls

(Table 2),
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Figure 3. Deflation limbs from the pressure-volume curves, mean + SD. Volume is lung volume above
FRC. On deflation to 15 cmH,0, lung volume is decreased only in the ventilated control group. Below 15
¢mH,O, lung volume in both ventilated groups is decreased compared to the healthy controls. * p <0.05

vs healthy controls (Healthy).

Discussion
This study shows that the efficacy of exogenous surfactant therapy, administered after 4 h of
mechanical ventilation, to improve total tung capacity at a distending pressure of 35 cmH,0 and
maximal compliance is fess atienuated after ventilation with a high PEEP compared to
ventilation with a low PEEP. Protein concentration in the BAL tuid of the high PEEP group was
lower compared to the ventilated controls with low PEEP.

In the ventilated control group, TLCys and Cray were decreased compared to the healthy

controls, but not in the high PEEP group (Table 2 and Fig. 3). This indicates that function of the
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exogenous surfactant was better in the high PEEP group compared to the ventilated controls.
Surfactant has the unique property of reducing surface tension at the air-liquid interface in the
alveoli in parallel with the decrease in alveolar radius, thus improving tung distensibility and
alveolar stability. It was previously shown that plasma proteins decrease the capability of
surfactant to decrease surface tension [6}. We therefore speculate that the decreased
improvement of lung mechanics in the low PEEP group after surfactant adiministration is caused
by the increased protein transfer into the alveoli in this group. These resulis are consistent with
previous results obtained in this model, where mechanical ventifation with high PEEP resulted
in a decrease in protein transfer into the alveali, and better lung mechanics [3, 71.

Preservation of the integrity of the alveolar epithelium by prevention of the occurrence
of shear forces that are caused by repeated alveolar collapse is considered an important factor
in decreasing protein influx [4]. Application of PEEP has also been shown to lead to a shift of
tluid from the alveoli to the interstitium by decreasing the pressure gradient across the alveolar-
capitlary membrane [16]. Furthermore, there is evidence that PEEP prevents the loss of
surtfactant from the abveoli, which prevents an increase in surface tension mediated suctioning
across the alveolar capillary membrane that increases alveolar protein influx [5].

Before surfactant administration, Pa0O; was >66 kPa in the high PEEP group, indicating
that the applied veatilator settings were sufficient to open up the lungs and keep them open,
which confirms previous experience in this model (Fig. 1) {3, 7]. The decrease in oxygenation
which is observed after surfactant administration in this group is attributed to the bolus of liquid
in which the surfactant was suspended, that partly filled up the alveoli causing a decrease in
diffusion [9].

No differences were found between the ventilated groups in non-active and active
surfactant aggregates (SA/LA ratio). This is in accordance with data from Veldhuizen et al., who
showed that the conversion of LA into SA is dependent on alveolar area cycling and time {17].
Alveolar cycling is determined by tidal volume, which was comparable for both ventilated
groups.

An important factor in the successful application of exogenous surfactant in RDS of the
premature infant is the fact that the surfactant is administered shortly after birth, thus reducing

the time in which proteins can fransfer into the surfactant-deficient alveoli. In the adult ALI
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patient, where the surfactant deficiency is secondary to luag injury, protein concentration in the
alveoli is increased [18], It was previously shown that mixing exogenous surfactant with plasma
proteins decreases the capability of surfactant to improve gas exchange, and that [arger amounts
of surfactant are necessary to overcome the inhibitory effects [6]. The results of the present study
show that the efficacy of exogenous surfactant can be improved by attenuating the increase in
protein transfer into the alveoli. It has previously been suggested that a decrease in alveolar
protein concentration, for example by lobe-wise lung lavage, could improve the effect of
exogenous surfactant on pulmonary function [19], Our study implicates that when the lungs are
kept open by application of a high PEEP during the ventilation period which usuatly precedes
exogenous surtactant administration in patients, the efficacy of surfactant replacement can be
improved. Given the dose-dependent inhibition of surfactant by proteins, a reduction in protein
influx during mechanical ventilation prior to surfactant administration is important since this
could [ead to a decrease in the exogenous surfactant dose that is necessary to improve pulmonary
function in ALT patients. Thereby, a reduced protein influx could reduce costs and improve
outcome in ALL

In conclusion, this study shows that the improvement in lung function that is obtained
by surfactant replacement in experimental ALT after 4 h of mechanical ventilation, is better when
during ventilation a high PEEP is used to decrease alveolar protein influx, Future clinical studies
are necessary to evaluate if application of a high PEEP in ALI patients that could benefit from

exogenous surfactant therapy can improve efficacy of surfactant replacement and improve

outcome.
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Summary
The aim of this study was to compare high-frequency oscillatory ventilation (HFOV) with

conventional mechanical ventilation (CMV) with and without surfactant in the treatment
surfactant-deficient rabbits. A previously described saline lung [avage model was used. The
efficacy of each therapy was assessed by evaluating gas exchange, lung deflation stability and
tung histopathology. Arterial oxygenation did not improve in the CMV group without surfactant,
but increased rapidly to prefavage values in the other three study groups. During deflation
stability, mean PaC, values decreased to post-lavage values in the group that received HFOV
alone but not in both surfactant treated groups (HFOV and CMV). The HFQV group without
surfactant showed more cellular infiliration and epithelial damage compared with both
surfactant-treated groups (HFOV and CMV). There was no difference in gas exchange, lung
deflation stability, and lung injury between HFOV and CMYV after surfactant therapy.

It is concluded that the use of surtactant therapy in combination with high-frequency
oscillatory ventilation is not superior to conventional mechanical ventilation in improving gas
exchange, lung deflation stability and in the prevention of lung injury, if the lungs are kept
expanded. This indicates that achieving and maintaining alveolar expansion (i.e. open lung) is

of more importance than the type of ventilator.
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Introduction
in the first reported high-frequency oscitlatory ventilation (HFOV) trial, 2 low distending airway
pressure was used in order to minimize the risk of barotrauma [1]. However, experimental
studies have shown that alveoli should be actively opened and that relatively high airway
pressure has to be used to stay above the closing pressure to avoid hypoxemia and fung injury
f2, 3]. Results of recent pilot studies in neonates with respiratory distress syndrome (RDS)
applying this high-lung volume strategy are encouraging [4-6].

To date, very few studies have been published on the combined use of surfactant and
HEOV in animals or humans [4, 6-9]. Those studies demonstrated that after surfactant therapy
HFOV was superior to conventional mechanical ventilation (CMV) in improving pulmonary
function and reducing lung injury [4, 6-9]. However, in those studies, HFOV was used in
combination with the high-lung volume strategy whereas CMV was not. Recently, Froese and
colleagues [8] compared HFOV to CMYV after surfactant therapy at low- and high-lung volume
and confirmed that HFOV at high-lung volume was superior to the alternatives in improving gas
exchange and lung mechanics in lung-lavaged rabbits. Surprisingly, these authors were not able
to maintain oxygenation above 46.7 kPa (350 mmIg), despite the high-lung volume strategy,
after surfactant therapy with the use of CMV [8], This finding is in contrast to earlier results of
CMYV with surfactant therapy in lung-lavaged rabbits in which oxygenation increased rapidly to
prelavage values after surfactant instillation and was kept stable for hours [10-12]. The purpose
of the present study was to compare the use of HFOV to CMV with and without surfactant

therapy in the management of acute lung injury caused by lung lavage in adult rabbits.

Materials and methods

Animal preparation

This study was approved by the focal Animal Committee of the Erasmus University Rotterdam;
care and handling of the animals were in accord with the European Community guidelines
(86/G09/EEG) [13]. A total of 27 adult New Zealand White rabbits (IFFA-Credo, Brussels,
Belgium) with a mean body weight of 2.7 £ 0.3 kg were anaesthetized with pentobarbital sodium
(50 mg/kg body weight) via an auricular vein and then placed in a supine position. An

endotracheal tube (i.d. 3.5 mm) was inserted via tracheostomy and mechanical ventilation was
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initiated with a Servo Ventilator 900C (Siemens-Elema AB, Solna, Sweden) in a pressure-
control mode, indicating time-cycled ventilation with decelerating flow, with the following
ventitator settings: FiQ, of 1.0, positive end-expiratory pressure (PEEP) of 2 em H,0, frequency
of 30 breaths/min, inspiratory/expiratory ratio of 1:2 and a peak inspiratory pressure of 10-14
cm H;O to keep PaCO; within normal range. An infusion of 2.5% glucose was continuousty
administered via the auricular vein as a maintenance fluid (5 ml’kg body weight /h). Anaesthesia
was maintained by hourly injection of pentobarbital sodium (5 mg/kg body weight /h, i.v.);
muscle paralysis was achieved by hourly injection of pancuronium bromide (0.1 mg/kg body
weight /h, i.m.).

A carotid artery was cannulated for continuous blood pressure measurements and for
intermittent blood sampling. Arterial samples were analysed for blood gases, pH and
haemoglobin using conventional methods (ABL-505 and Osm-3; Radiometer, Copenhagen,
Denmark). Core temperature was monitored with an esophageal theriistor (Elektrolaboratoriet,

Copenhagen, Denmark) and maintained within normat range by a heating pad.

Induction of lung injury

In all animals, respiratory insufficiency was induced by repeated whole-lung lavage according
to the technique described by Lachmann et al. {14]. Each lavage was preformed with saline (30
ml/kg body weight) heated to 37 °C. Lung lavage was repeated 5-8 times at 2-5 min intervals to
achieve a Pa0,; <11.3 kPa (< 85 mmHg) at a peak pressure of 26 cm H,0 and a PEEP of 6 cm

H,O (other ventilator settings were not changed),

Study design

After reaching steady state, 24 animals were divided randomiy into four groups of six animals.
In the first group, animals received a bolus (100 mg/kg body weight, 25 mg/mi) of a natural
surfactant intratracheally (Alveofact®; Thomae, Biberach, Germany) and immediately followed
by connection to a high-frequency oscillator (type OHF-1, S.A, Dufour, Villeneuve d’ Ascq,
France). During HFOV, a frequency of 10 Hz was used and mean airway pressure {MAwWP} was
increased until PaO, was above 46.7 kPa (350 mmHg) to guarantee the high-lung volume

strategy {i.e. open tungs) [4, 5]. When PaQ, was above 73.3 kPa (550 miHg) during the study
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period, MAwP was decreased by steps of 1 cm H,O. Pressure amplitude was initiated with 30
cm H,0 and was altered as necessary to keep PaCO, within normal range (4.7-6.0 kPPa (35-45
mmHg)). The second group received exogenous surfactant intratracheally (Alveofact®; 100
mg/kg body weight) and conventional mechanical ventilation (CMV} with the Servo Ventilator
900C was continued (ventilafor settings were not changed}). For instillation of surfactant, the
animals were disconnected from the ventilator and received the surfactant suspension (25
mg/ml) directly into the endotracheal tube via a syringe followed by immediate reconnection to
the ventilator. The other two groups served as controls and received HFOV or CMV alone in the
saine way as described above.

After 4 h of ventilation, MAwWP was first decreased to 12 cm H,O for 10 min in those
animals that received a MAWP of = 12 cm H,O and then to 9 and 6 ¢m H,O during the same
period of time. Finally, all study groups were restarted on CMYV at the same settings as used
during lung lavage (PIP/PEEP=26/6 cmm H,0). Ten minutes later, blood samples were taken for
blood gases.

During the observation period (4 h and 40 min), arteriai blood samples were collected
at the following times: before lavage; 5 and 10 min after the [ast lavage; 5, 13, 30 min after
surfactant or HFOV application; every 30 min for 4 h; 10 min after the three reduction steps of
MAwP; and finally 10 min after CMV with the same settings as during the lavage procedure.
Continuous blood pressure monitoring enabled observation of changes of mean arterial blood
pressure. Volume expansion (Isodex®; 5 mifkg body weight, i.v.) was indicated when mean

arterial pressure was below 6.7 kPa (50 mmHg).

Pathological evaluations

At the end of the observation period, lungs were ventilated with air with no changes in the
ventilatory parameters. The abdomen of the rabbit was opened and the diaphragm was inspected
for evidence of pneumothorax, The inferior vena cava was cannulated and perfused with a
solution, consisting of saline saturated with 95% O, and 5% C(,, 2.2 mM CaCly, 0.5% procaine
and 1% heparin, was then infused at a rate of 50 ml/min, The abdominal aorta was cut and the
infusion was stopped when clear fluid flowed from the aorta. Thereafter, the peak pressure was

lowered to 1 cin HpO, that was maintained while the lungs were fixated by infusing 100 ml of
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a fixation solution, consisting of 3.6% formaldehyde and 0.25% glutaraldehyde, via the inferior
vena cava. After fixation, the trachea was clamped at a pressure of 6 cm H,0, the thorax was
opened and the lungs were removed en bloc and stored in the fixation solution. The lungs were
numbered and histopathologic examinations of the lungs were performed blindly. The lungs of
the three remaining animals were fixed 10 min after the lavage procedure as described above and
histopathologic examinations were performed. These animals were used to study the influence
of the lavage procedure itself on morphological changes,

The lungs were then embedded in paraffin, sectioned and stained with the haematoxylin
and eosin (HE) and elastica-van Gieson (Ev(3) technique. A semi-quantitative morphometric
analysis of lung injury was performed under blinded conditions by a pathologist who scored
atelectasis, edema, vascular wall thickening and leucocyte infiltration as none, light, moderate
or severe (score 0-3). Lung injury score was defined as the average from all parameters for each
group. For transmission electron microscopic examination, lung tissue was pre-contrasted with
2% osmium acid, dehydrated, and embedded in epoxy resin (Epon 812). Semi-thin sections (1.5
jumy and ultrathin sections (0.5 um) were produced. Semi-thin sections were stained with 2%
methylene blue and 3% alkaline fuchsin, Ultrathin sections were counterstained with vranyl
acetate and lead citrate. The specimens for the scanning electron microscope were dehydrated
with increasing lines of alcoholic solutions, dried with the critical point method, and sputtered

with gold.

Statistical analysis

All data are expressed as mean + SD. Analysis of variance (ANOVA) was used to assess whether
there was an overall difference within or between the two groups. If a difference was found, a
post hoc test was used (Student-Newman-Keuls’ muftiple comparison procedure). Lung injury
data were analysed using the Kurskal-Wallis nonparametric ANOVA test, followed by Dunn’s

multipte comparisons test if a difference was found. Statistical significance was accepted at p-

values <0.05.

Results

Blood gases before lavage and directly after lavage were comparable in all animals. In one
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animat of the HFOV group which developed a pneumothorax at 210 min, measarements were
discontinued but the lungs were fixated for histologic examinations.

Mean Pa0, values in both HFOV groups (with or \-vithout surfactant) were kept above
46.7 kPa (350 mmHg) in the first 4 h by using appropriate MAwWP (Fig. 1, Table 2). In the CMV
group with surfactant, PaQ, increased from 8.3 £ 2.1 kPa (62 % 16 mmHg) to 53.3 £ 10.7 kPa
(400 = 80 mmHg) within 5 min and remained stable during the subsequent 4 h without changing

the ventilator settings (Fig. ).

Time (h)

Figure 1. Change in mean arterial oxygen tension {PaG;) (+8D) of the four study groups before lung
lavage (H; healthy), after lavage (L; 10 min after the last lavage), and during the subsequent 4 h and 40
min abservation period. I, 11 and IIT are the 3 reduction steps of MAWP to: | = 12 cm Ho0; [T = 9 em Hy0;
1i = 6 em Ha0. C, pressure-controlied ventilation with the same settings as during the lavage procedure,
indicating a MAwP of 12 cm H,O. O, animals (n=6) that received HFOV without surfactant; 9, animals
(n=6) that received CMV without surfactant; [J, animals (n=6) that received CMV and surfactant (100
mg/kg body weight); A, animals (n=0} that received HFOV and surfactant (100 mg/kg body weight). H,
healthy. L, 10 min afler the last lavage. *, p < 0.05 versus HFOV group. #, p < 0.05 versus PaO;, values
at 4 h; 1: death of one animal. 1 mmHg=0.133 kPa.

81



Chapter 5

Table 1. Pata on PaCQ, (mmHg) and MAwP (cm H,0) of the different study groups. Values are given as mean + SD.

Group H L 5 0.5h 1h 2h 3h 4h I 1 I C
PaCo,

CMV  31x4 44%10 449 47=11 45£11 51:£9% S5:8%F  68=9"tt  S%xllmt Tt - -
HFOV 273 40+4 4248 415 4246 3842 3543 343 3442 4115 49£5  4dx7
CMV+  29=6 45£5 38411 376 455 3542 35£5 364 3846 A0xe 48412 4714

Swrf.

HFOV+ 3145 409 404 4024 3649 3244 292 3043 2943 30+3 3843 352

Surf.

MAwP

CMV 61207 12108 123x1.6* 128+23* 123x14* 129418 13.1+1.8 13321 12 9 6 -
HFOV  5.3+0.8 11.3=08 20 18.8£1.0  165:34 167234 168232 15415 12 9 6 13.4%09
CMV+ 5808 118208 11322.6% 11.8423* 123424  123+23 117:18% 123223 12 9 6 112412

Surf.

HFOV+ 63205 11903 19.0:2.0# 16.6=2.6 152328 12.6+1.9 116222  104x2.6* 9.8+2.3 8.4x0.9 6

12.1+0.83
Surf.

*, p<0.05 vs, HFOV group. #, p<0.05 vs, group CMV+Surf. BFOV, group that received high-frequency oscillatory ventilation without surfactant. CMV,
group that received pressure-controiled ventilation without surfactant. CMV+Surf, group that received surfactant with pressure-controlled ventilation.
HFOV+Surf, group that received high-frequency oscillatory ventilation with surfactant. H, healthy. L, 10 min after the last lavage. MAWP, mean airway
pressure. I, Il and Il are the 3 reduction steps of MAWP to: 1 =12 em H,0; I = 9 ecm H,O; III = 6 em H,0. C, pressure-controlled ventilation with the
same settings as during the lavage procedure, T, death of one animal.
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In the CMV group without surfactant, mean Pa0, values gradually decreased over time and all
animals died after reduction of the MAWP to 9 cm HyO (Fig. 1). Mean PaO, values were
comparable up to 8 MAWP of 12 cm H,0 between the following groups: HFOV without
surfactant; HFOV with surfactant; and CMV with surfactant (Fig. 1). Mean Pa0, values of the
animals veatilated with HFOV without surfactant dropped to post-lavage values after MAwP
was lowered to 9 and 6 cm H;O, respectively. Mean PaQ, values did not improve when those
HFOV animals were switched to CMV at the end of the observation period. However, in both
surfactant groups (HFOV and CMV) mean PaO, values were significantly higher at a MAwWP
of'9 and 6 cm HyO compared to the group HFOV without surfactant (Fig. 1). Furthermore, mean
Pa0; values restored to the PaQ; levels at time point 4 h in both surfactant-treated groups
(HFOV and CMYV) after CMV for 10 min with the same settings as used during the lavage
procedure, indicating a MAWP of £12 cm HyO (Fig. 1).

The mean carbon dioxide tension in arterial blood (PaCO,) values gradually increased
in the group CMV without surfactant (Table 2). In the other three groups, mean PaCO, values
were maintained at 4.7-6.0 kPa (35 and 45 mmIg). MAwP data are shown in Table 2. In both
groups that received HFOV (with or without surfactant), MAwWP was initialty increased to 18-20
cm HyO and could be decreased significantly during the subsequent 4 h white PaO, remained
stable. At time point 4 h, MAwP of the group HFOV with surfactant was significantly lower
compared to the HFOV group without surfactant (Table 2).

All animals showed evidence of pneumonitis that was composed mainty of eosinophils
with some neutrophils. The three animals that were lavaged only and ventilated with CMV for
10 min showed also a pneumonitis that was similar in extent and distribution as the animals of
the 4 study groups. The pneumonitis was similar to that originally described by Lactimann et al.
[15] and the presence of the preumonitis even in the lavage control animals suggested that a
chemical pneumonitis is induced by the lavage process itself [4].

Figure 2 shows the lung injury score of the different groups. Animals treated with
surfactant combined with HFOV or CMV had significantly less lung injury than both groups
without surfactant (HFOV and CMV) at the end of the ventilation period. The extent of lung
injury of both surfactant-treated groups was comparable with that of the animals that were

lavaged only. Representative photomicrographs are shown in Figures 3 and 4. More detaited
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quantitative comparisons between both surfactant treated groups (HFOV and CMV) were not

made.
*
3 1 *
E .
O
& 2
&
=2
k=
g) 1 _ _r _I_—
S 1
-J n

Lav CMmv HFOV CMV+Surf HFOV+Surf

Figure 2. Semi-quantitative lung injury score for all groups. Layv: animals that were lavaged only; CMV:
conventional mechanical ventilation; HFOV: high-frequency oscillatory ventilation; CMV+Surf: animals
thal received CMV and surfactant; HFOV+Surf: animals that received HFOV and surfactant. ¥, p<0.05

vs. animals that were lavaged only. Data are presented as mean +SD.
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Figure 3. (A) Half of the lung tissue is atelectatic in the group that was lavaged only. No cellular reaction
exists and the septa are structured regularly. (B) The lung tissue is evenly aerated and only focally
atefectatic {group conventional mechanicat ventilation and surfactant). Few granulocytes are situated next
1o the bronchioli and small vessels. (C) Aerated hung tissue with focal ateectasis (group high-frequency
oscillatory ventilation +Surfactant). Collapse of the alveoli is accompanied by a slight interstitial and

intra-alveolar infiltrate. Light microscopy, haematoxylin eosin stain, original magnification x 40.
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Discussion
In the present study we used the lung lavage model that has proved to be a consistent and
convenient model of acute lung injury [10-12, 14]. Despite the use of adult animals, it has been
postulated that this model reflects a primary surfactant deficiency, as seen in neonatal RDS [15].
Several investigators have confirmed the direct relationship in this model between arterial
oxygenation and lung volume {2, 3, 11, 16]. It has been demonstrated that arterial oxygenation
increased with increasing lung volume as alveoli re-expanded and shunt flow decreased [16].
In the present study, we therefore used arterial oxygenation as a reflection of lung volume.
The results of this study demonstrate that after surfactant therapy there is no difference
between the use of HFOV and CMYV in improving gas exchange, lung deflation stability and
prevention of lung injury in lung-lavaged rabbits. These results are in contrast to the results of
Froese ef al. [10] who demonstrated that the effect of exogenous surfactant on arterial
oxygenation remained stable with HFOV, whereas it decreased significantly during the 4 h study
period with CMV at high-lung volume. In their study, the high-lung volume strategy with CMV
was performed by a gradual increase of PIP and PEEP but without an active volumne recruitment
manceuvre as used with HFOV [8]. Furthermore, CMV was used with high tidal volumes (20
mi/kg body weight} whicl is known to increase the conversion from active into non-active
surfactant subfractions; this leads to a shortage of ‘active’ surfactant at alveolar level [17,18].
In the present study, an active volume recruitment manoeuvre was not performed with CMV
after surfactant therapy, but arterial oxygenation increased to above 46.7 kPa (350 mmHg)
within 5 min (without change of ventilator settings) and kept stable during the subsequent 4 h.
In contrast to the study of Froese ef af. [8], this study utilized normat tidal volumes {10 mitkg
body weight) and installed the surfactant at a higher concentration (100 mg/kg body weight) and
as one bolus, that is known to improve the surfactant distribution and its efficacy [12].
Surfactant metabolism and turnover is known to be strongly influenced by ventilation
and some authors suggested that secretion of surfactant is increased with HFOV [19-21]. In the
present study, it was confirmed that in lung-lavaged rabbits optimal gas exchange can be
obtained with HFOV without surfactant, by using the high-lung volume strategy. However, lung
function does not improve over time, as shown by the resulis that mean Pa0, values at the end

of the observation period were comparable with the post-lavage values at the same ventilatory
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support (Fig. 1}, This indicates that the reduced end-expiratory stability, due to the repeated lung
lavages (i.e. surfactant deficiency), was apparently not improved by HFOV, This confirms the
results by Meredith et al. [22], who showed excellent gas exchange using HFOV with the high-
lung voluine strategy in premature baboons, but no beneficial effect on lung volume at zero
pressure (functional residual capacity) determined at 24 h. This indicates that optimization of
alveolar expansion with HFOV markedly improves oxygenation but does not influence alveolar
stability as long as the underlying cause, i.e. surfactant deficiency, is not reversed. This will
occur by gradual synthesis of endogenous surfactant over time, or after exogenous surfactant
instiflation [15].

Morphologic changes were more pronounced in the animals that received CMV or
HFOV alone compared to the animals that were lavaged only (Fig. 2). In surfactant-deficient
lungs, high shear forces between open and closed alveoli are, to a great extent, held responsible
for the damage caused by artificial ventilation [7]. Therefore, alveoli should be actively opened
and kept open during the entire respiratory cycle in order to minimize additional lung damage
[2, 3]. Studies in lung-lavaged rabbits demonstrated that HFOV had beneficial effects on
preventing development of lung injury due to mechanical ventilation when arterial oxygenation
was kept above 46.7 kPa (350 nunHg) (indicating alveolar expansion) and not when arterial
oxygen {ensions were maintained at 9.3-13.3 kPa (70-100 mumHg) [2, 3]. This may explain the
higher degree of lung injury as seen in the present study in the group HFOV without surfactant.
In that group, mean Pa0, values dropped to <13.3 kPa (<100 mmHg) for only 30 min, after
MAWP was decreased to <9 em H;O at the end of the observation period (Fig. 1). In contrast,
mean PaQ, values remained >46.7 kPa (350 mmHg) almost for the eatire observation period,
despite the reduction of the MAWP, in both surfactant-treated groups (HFOV and CMV), Also,
histopathology examinations of hoth groups that received surfactant (HFOV and CMV) showed
no additional structural lung damage in comparison with the animals that were lavaged only
(Fig. 2). This resuit is supported by earlier experimental studies in which surfactant therapy has
shown to improve uniform alveolar expansion and end-expiratory alveolar stability and thereby
effectively prevents the progression of ventilator-induced lung injury [7,23]. In the CMV group
without surfactant, mean PaOQ, values were <13.3 kPa (<100 mmllg) during the entire study

period and evidenced the high lung injury score in this study (Fig. 2). In contrast to HFOV, the
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CMYV group did not receive a high-lung volume strategy. In pilot studies, McCulloch et al. [3]
and Kolton et al. [24] tried to have a CMV group at high-lung volume but found that this was
not possible. They concluded that the severity of lung lavage lesion necessitated such high
ventilator pressures with CMV that fatal barotrauma terminated all such attempts [2].

In contrast {o Jackson ef al. [9], the current study found no difference in the prevention
of lung damage between HEOV and CMV after surfactant therapy (Fig. 2). Further, it was shown
that the HFOV group without surfactant showed more cellular infiltration and epithelial damage
than the HFOV group with sarfactant (Fig. 2. This indicates that achieving and maintaining
alveolar expansion (i.e. open lung) is of more importance than the type of mechanical ventilation
(HFOV vs. CMV). The importance of an open lung strategy is supported by the results of Amato
and colleagues [25] who recently demonstrated in adults with ARDS that CMV with an open-
lung approach had, for the first time, a significant impact on survival and barotrauma. Therefore,
it was concluded that surfactant therapy with CMV is equally effective to prevent ventilator-
induced lung injury as HFOV combined with surfactant, as tong as alveoli are opened and kept
open fo avoid high shear stress. This can be achieved by the use of a PEEP level that sufficiently
counterbalances the retractive forces or by higher and/or repeated doses of exogenous surfactant
to reduce the retractive forces.

It is concluded that after surfactant therapy the use of high-frequency oscillatory
ventilation was not superior to conventional mechanical ventilation in improving gas exchange,
lung deflation stability and reducing lung injury, if lungs are kept expanded independently of the
mode of ventilation, Furthermore, it was confirmed that high-frequency oscillatory ventilation
with the high-lung volume strategy markedly improves blood gases but without improvement
of lung function, in particular arterial oxygenation at low mean airway pressure, in surfactant-
depleted rabbits. This indicates that the high mean airway pressure used with high-frequency
oscillatory ventilation only counterbalances the increased collapse tendency due to surfactant

deficiency and therefore exogenous surfactant therapy is still required.
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Summary

Objective: The inhalation of nitric oxide increases oxygenation by improving veatilation-
perfusion ratios in neonates with respiratory distress syndrome and those ratios in adults with
acute respiratory distress syndrome. There is evidence that inhaled nitric oxide is ineffective
when the lung remains atelectatic and poorly inflated. This study aimed to enhance nitric oxide
delivery by improving lung aeration by means of exogenous surfactant or by increasing positive
end-cxpiratory pressure,

Design: Experimental, comparative study,

Setting: Research laboratory of a large university.

Subjects: Twenty-eight adult New Zealand white rabbits (2.7 + 0.3 kg).

Interventions: Lung injury was induced by repeated whole-lung lavage with saline. The animals
were mechanically ventilated with a tidal volume of 10 ml/kg, an FiO,; of 1.0 and a PEEP of 6
cm H,O. Forty-five minutes after the last lavage, animals were randomly assigned to five groups.
In two groups, lung aeration was first increased either by institlation of a low dose of exogenous
surfactant (25 mg/kg) or by increasing the positive end-expiratory pressure to 10 cm H,0, before
inhalation of nitric oxide was started. In each of these animals, five different nitric oxide
concentrations {4-20 parts per million) were inhaled for 30 min, followed by a 30 min washout
period. The other three groups served as controls and received oniy one treatment protocol: nitric
oxide (4-20 parts per million), or surfactant (25 mg/kg), or positive end-expiratory pressure (10
cm H,O).

Measurements and Main Results: Before and after {avage, blood gases and lung mechanics were
measured every 30 min. Both strategies to increase lung aeration improved PaQ; values from
61 + 13 mmHg (8.1 = 1.7 kPa) to 200 to 300 mmHg (26.6 (o 39.9 kPa) in 30 min. After
inhalation of nitric oxide, additional increases of oxygenation were seen only in the animals that
received a low dose (25 mg/kg) of surfactant. The control group that inhaled nitric oxide showed
no significant change in oxygenation, and four of the six animals did not survive the observation
period. In the two groups in which positive end-expiratory pressure was increased to 10 cm H,0,
half of the animals developed a pneumothorax during the observation period.

Conclusions: These data indicate that inhaled nitric oxide is able to improve arterial oxygenation

after alveolar recruitment by means of a low dose of exogenous surfactant and not by elevation
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of PEEP from 6 to 10 cm H,yQ, in hing-lavaged rabbits,

Introduction

in 1987, nitric oxide, the endothelium-derived relaxing factor synthesized from L-arginine by
the enzyme nitric oxide synthase, was identified as an important endogenous vasodilator [1].
Inhalation of exogenous nitric oxide has been shown to be beneficial with respect to reducing
pulmonary hypertension and improving arterfal oxygenation in neonates witlh respiratory distress
syndrome (RDS) and adults with acute respiratory distress syndrome (ARDS) [2-7]). 1t is
assumed that inhaled nitric oxide rapidly diffuses across the alveolar barrier to vascular smooth
muscle causing relaxation of the vascular smooth muscle which, in furn, causes vasodilation of
the pulmonary vessels [8]. Excess nitric oxide that reaches the bloodstream binds rapidly and
avidly to hemoglobin; this binding to hemoglobin eliminates the availability of nitric oxide for
causing systemic vasodilation [8].

Recently, Kinsella and colleagues [9] reported that the inhalation of nitric oxide resulted
in a limited success in improving blood gases, especially in newborns with reduced lung
compliance. It has been suggested that the reduced lung volume will probably contribute to
decreased efficacy of inhaled nitric oxide by decreased effective delivery of nitric oxide to the
pulmonary vasculature [9,10]. Therefore, it could be expected that after reaeration of atelectatic
lung regions by either exogenous surfactant or by increasing the positive end-expiratory pressure,
the effect of inhaled nitric oxide on oxygenation will be enhanced, as long as a
ventilation/perfusion mismatch is present.

To test this hypothesis, a study was designed in which we investigated the effects of
inhaled nitric oxide combined either with a low dose of exogenous surfactant or increased

positive end-expiratory pressure, on blood gases in surfactant-depleted rabbits.

Materials and methods

This study was approved by the local Animal Comimnittee of the Erasmus University Rotterdam.
Care and handling of the animals were in accord with the European Community guidelines
(86/609/EEG). A total of 28 adult New Zealand white rabbits (TFFA-Credo, Brussels, Belgium)

with a mean body weight of 2.7 + 0.3 kg were anesthetized with intravenous pentobarbital
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sodium (50 mgtkg) via an auricular vein. Tracheostomy was performed, and an uncuffed
endotracheal tube was introduced into the trachea. Mechanical ventilation with an FiQ, of 1.0
was performed using a ventilator (Servo 300, Siemens-Elema, Solna, Sweden} with volume-
controfled mode, tidal volume of 10 ml/kg, positive end-expiratory pressure of 2 cm H,0,
frequency of 30 breaths/min, inspiration time of 25% and a pause time of 10%. An infusion of
2.5% glucose was continuously administered via the auricular vein as a maintenance fluid (5
ml/ke/h). Anesthesia was maintained with intermittent injection of pentobarbital sodium (5
mg/kg/h, i.v.); muscle paralysis was achieved with pancuronium bromide (0.1 mg/kg/h, i.m.).
A femoral artery was cannuiated with a polyethylene catheter for continuous blood pressure
measurements and for intermittent blood sampling. Arterial samples were analysed for blood
gases, hemoglobin and methemoglobin saturation using conventional methods (ABL-505 and
Osm-3; Radiometer, Copenhagen, Denmark). Core temperature was measured using an
esophageal thermistor (Elektrolaboratoriet, Copenhagen, Denmnark) and maintained at 99 + 1 °F
(37 £0.5 °C) by a heating pad.

in all animals, respiratory insufficiency was induced by repeated whole-lung favage (30
mbkg) according to Lachmann ef al. [11]. After the first lavage, positive end-expiratory pressure
was increased to 6 ey H,O (other ventilator settings were not changed) and whole-fung {avage
was repeated until PaO; was <80 mmHg (<10.6 kPa). After the last lavage, all animals were
ventilated for 45 min, and after blood gases were measured, the animals were randomly divided
into five groups, The first group (n=6), received a low dose of surfactant (25 mg/kg)
intratracheally which, 30 min later, was followed by inhalation of nitric oxide. Five different
concentrations of nitric oxide (4, 8, 10, 16 and 20 parts per miflion [ppm]) were each inhaled for
30 min. The sequence of the five nitric oxide concentrations was randomized for each animal.
After each nitric oxide inhalation for 30 min, biood gases were measured and nitric oxide was
furned off for 30 min to get a new baseline blood gas value. In another group (n=6}, positive end-
expiratory pressure was increased from 6 to 10 em H;0, and, after 30 min, inhaled nitric oxide
was given in the same way as described above. The other three groups served as controls and
received the following treatments: {a) nitric oxide alone in the same way as described above
{n=6); (b) 25 mg/kg surfactant alone (n=5); or (¢) a positive end-expiratory pressure of 10 cm

H,0 alone (n=35).
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The surfactant used in this study was a freeze-dried natural surfactant isolated from
minced pig lungs as previously described [12]. For instillation of the surfactant, animals were
disconnected from the ventilator and received the surfactant suspension (25 mg/mi} directly into
the endotracheal tube via a syringe. The animals were then immediately reconnected to the
ventilator {ventilator settings were not changed).

A new prototype of a ventilator was used (Siemens-Elema, Solna, Sweden), with a built
in, computerized, nitric oxide delivery system, consisting of an additional digital-controiled
nitric oxide valve. An on-line electrochemical sensor was used to continuously measure
expiratory nitric oxide and nitric dioxide concentrations, This system has been used in adult
patients with ARDS and has proven to be reliable [5].

Data were collected at the following times: before lavage; 5 and 45 min after the lavage
pracedure; and every 30 min for 5.5 h. In the control group, that received nitric oxide only, data
were collected for only 5 h because there was no fung aeration improvement procedure. At each
data collection point, PaQ,, PaCO;, methemoglobin, blood pressures, peak airway pressure,
positive end-expiratory pressure and mean airway pressures were measured,

Statistical analysis of the data was performed using the SAS statistical package (SAS
Users Guide, 1990, SAS Institute Inc., Cary NC). Between-group differences for Pa0,, PaCO,,
mean arterial pressure, mean airway pressure and peak pressure were tested with an analysis of
variance (ANOVA) for repeated time measurements using the general linear models procedutre,
In addition, a paired t-test was performed to test the effect of each nitric oxide concentration on
Pa0, within one group. When nitric oxide was switched on for 30 min, the mean PaQ, value was
compared with the mean baseline PaQ, value that was defined as the mean PaQ, of both washout
periods before and after nitric oxide was switched on, Differences were accepted as significant

at p<0.05. For the nitric oxide effects, no adjustments were made for multiple comparisons.

Results

In a preliminary study {unpublished observations], it was found that giving a dose of 25 mg
surfactant per kg body weight or increasing the positive end-expiratory pressure level from 6 to
10 em HyO after the lavage procedure, led to an improvement of arterial oxygenation to 50% of

the prelavage Pa(; values (PaOy/Fi0, from 60 to 8¢ mmHg [8.0 to 10.7 kPa] to 200-300 munHg
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[26.7 to 40.0 kPa}).

In the two groups receiving exogenous surfactant (25 mg/kg), mean PaO, values
increased from 58 « 1| mmHg (7.7 + 1.5 kPa) to 283 + 64 mmHg (37.6 % 8.5 kPa) in 30 min
(Figure 1), After additional nitric oxide inhalations, PaQ, further increased and decreased when
nitric oxide was switched off. The mean PaQ, values of the group receiving the combination of
surfactant and nitric oxide were significantly higher compared with the group that received
surfactant only (Figure 1). In this last group, Pa0O,; was maximal at 30 min after surfactant
instillation and decreased over time (Figure 1). PaCO; and peak airway pressure decreased
directly after surfactant instillation but slowly increased during the following observation period
(Table 1).

in the two groups in which positive end-expiratory pressure was increased from 6 to 10
cm H,O, mean Pa0; values increased from 62 + 15 mmHg (8.2 £ 2.0 kPa) to 239 + 48 mmHg
(31.8 = 6.4 kPa) in 30 min (Figure 1). After nitric oxide was inhaled by one of these groups, no
significant difference in mean PaQ, values was seen compared with the group that received a
positive end-expiratory pressure of 10 em HyO only (Figure 1), In the group receiving the
combination of positive end-expiratory pressure of 10 cin H,O and inhaled nitric oxide, mean
Pa0, values improved over time but did not decrease when nitric oxide was switched off. Peak
airway pressure and mean airway pressure were significantly higher in the two groups that
received a positive end-expiratory pressure of 10 ¢cm HyO as compared with the two surfactant
treated groups; half of the animals in both positive end-expiratory pressure groups developed a
pneunothorax during the observation period (Table I).

There was no change in mean PaO, values after inhalation of nitric oxide in the group
that received nitric oxide ondy (Figure ). In this group, PaCQ, and peak airway pressure
increased over time and 4 of the 6 animals did not survive the observation period (Table 1). For
the three groups that received nitric oxide, the mean changes of Pa0, per nitric oxide
concentration are given in Figure 2. The PaO; response was higher in the group receiving the
combination of surfactant and nitric oxide for each nitric oxide concentration but there was no
difference in Pa(; response to the different nitric oxide concentrations used (Figure 2). Non-
response (defined as an increase of PaG,; of < 10% above the baseline PaO, value) was 27% in

group surfactant and nitric oxide; 93% in group positive end-expiratory pressure and nitric oxide;
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Figure 1. Mean Pa0O; values (x5D) of all 5 groups. Diagonal-striped bar: animals (n=6) treated with a
low dose of exogenous surfactant (25 mg/kg) and inhaled nitric oxide; horizontal-striped bar: animals
(r=6) treated with a posilive end-expiratory pressure of 10 cm H,O and inhaled nitric oxide; solid bar:
animals (n=6} treated with inhaled nitric oxide alone. The solid lines are two control groups: triangles,
animals (n=5) freated with a low dose of exogenous surfactant (25 mg/kg) alone; circles, animals (n=5)
{reated with a positive end-expiratory pressure of 1¢ cm HyO. Lav, 45 min after the [ast lavage. To covert

mmHg {o kPa multiply the value by 0.1333.
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Figure 2. Mean change in PaQ, values (+SD) per nitric oxide concentration for the three different groups
that inhaled nitric oxide. Diagonal-striped bar: animals (n=6) treated with a low dose of exogenous
surfactant (25 mg/kg) and inhaled nitric oxide; horizontal-striped bar: animals (n=6) treated with a
positive end-expiratory pressure of 10 em H;O and inhaled nitric oxide; solid bar: animals (n=6) treated
with inhaled nitric oxide alone. * = significant improvement of Pa0; due to inhaled nitric oxide (evaluated
with a paired ¢-test by comparing the mean PaO; value when nitric oxide was switched on for 30 min with
the baseling PaO; value). The baseline blood gas value was defined as the mean PaQ; value of both wash
out periods before and after nitric oxide was switched on. To convert mmHg to kPa, multiply the value
by 0.1333.

and 58% in the group that received nitric oxide onty.

Mean arterial pressure did not change after inhaling any nitric oxide in the different
groups (Table I). Methemoglobin concentration remained low (0.3 + 0.1%) and there was no
increase after any nitric oxide inhalation in any of the groups. The expired nitric dioxide
concentration was never > 1 ppm during any nitric oxide inhalation in any of the groups The

expired nitric dioxide concentrations are given in Table 2.

100



101

Table 1. PaCO, (mmHg), MAP (mmHg), mean airway pressure (MAwP) and peak pressure (cm H,Q) in the five study groups (mean + SD).
Prelavag Group Lavage 30’ 60° 90’ 120 150" 180 210 240 270 3000 330

PaCO, 3643 SURF+NO  58x10 466 45+3 48+6 4827 487 48+8 4849 4910 50£11 3011 50=10
373 PEEP+NO 577 5446 5746 58+4 60£5 5845 577 5546 5544 5558 5342 511

3425 NO 5246 5110 5412 55%14  57+13 6014 60xI8"  55£197 53177 54x2° 5442
3226 SURF 5546 48+3 496 4942 4843 S0+3 505 5145 51+6 51+6 52+7 5226
3224 PEEP 46+4 45+4 467 47£3 48+4 496 53+3F 53+3 5543% 5422 57£1F 5444

MaAP 97£9 SURF+NO  90=10  82%11  81x7  8lx!l 817 8327 8749 88£6  90x10  89£9 9110  89+9
10811  PEEP+NO 1014  §7=9  86x12 89=13  §6+14 8212  78%10 78211 7819 778 76:6  T0x1S

9928 NO 88+13  82+17  8£3x14  85%10  BBx10 89«15  T4=18  77x23" 82497 87x3T 8554
1087 SURF 91+¢ 9014  £9+13  90x14  §9%12 8914 94=13  8Bx13 91£17  86x15  83x25 §0x19
104411 PEEP 94+10  89+5 9111 §9+5 85+5 919 90x9! 88+1 85x5F 845 904t 76216

MAWP 5%3 SURF+NQ 111 10=t 1021 101 101 101 1021 101 101 111 11=] 111
6x1 PEEP+NO 12+1 17£2 172 17+2 17+2 1742 1742 1722 1742 1742% 1842 18=2

5£0 NO 111 12£1 12+1 121 12+1 121 12+1 12417 12227 12227 1222
540 SURF 111 10:£] 11x1 1141 1141 111 11=1 111 111 111 11+1 111
61 PEEP 1242 1621 161 16x1 161 16x1 161° 16=1 16x2% 162 15£1% 1521

Ppeak 11z1 SURF+NG 242 2242 2242 723 23+3 23+3 2343 2343 2342 232 2342 2442
132 PEEP+NO 2442 28x1 271 271 281 281 281 281 2842 28x1% 27s1 271

13£2 NO 251 2642 26=2 282 28=1 2942 29+2 301 30x1T 30+1" 30+
12x1 SURF 252 2412 242 24+2 2542 2543 25+3 2553 2543 2543 2543 2543
121 PEEP 262 20+2 3022 204 29+1 30+] 3118 3] 32414 32:+] 32+1% 31+

SURF+NQ, represents the animals treated with surfactant and nitric oxide; PEEP+NO, represents the animals tweated with a PEEP of 10 emH, O and nitric oxide; NO,
represents the animals freated with nitric oxide only: SURF, represents the animals reated with surfactant only; PEEP, represents the animals weated with PEEP of 10
cm H,0 only; MAP, mean arterial pressure; MAwP, mean airway pressure; Ppeak, peak inspiratory pressure; 1, death of one animal; §. pneumothorax of one animal.
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Table 2, Expiratory nitric oxide (NO) and nitri¢ dioxide (NO,) concentrations measured with

an on-line electrochemical sensor (mean+SD).

NO (ppm) NO-expired (ppm) NO;-expired (ppmy)
4 3.7+0.6 0.25+0.04
8 T.240.6 0.34+0.05
10 8.8+0.8 0.38+0.06
16 14.320.7 0.60+0.05
20 17.7£0.7 0.78+0.07
Discussion

The application technique limits the pharmacologic effect of nitric oxide to the aerated regions
of the lungs [8]. Therefore, progressive atefectasis, as seen in severe RDS or ARDS, decreases
effective delivery of this inhalational agent to its site of action in the terminal lung units [7,9,10].
This hypothesis was confirmed by the results of the present study, in which inhalation of nitric
oxide was less efficacious in improving arterial oxygenation in the control group that received
inhaled nitric oxide only, as compared with the group with prior administration of exogenous
surfactant (Figure 2). In congenital diaphragmatic hernia lambs, Karamanoukian er al. [13]
reported that the combination of exogenous surfactant and inhaled nitric oxide is beneficial to
improving arterial oxygenation. They [13] found that inhalation of 80 ppm of nitric oxide for 10
min did not improve oxygenation without prior administration of surfactant (S0 mg/kg) [13].
From experimental and clinical studies {12,14] in neonatal RDS, it is known that institlation of
100 to 200 mg/kg of surfactant resulted in recruitment of atelectatic lung regions with maximal

improvement of arterial oxygenation. In the present study, we administered a dose of only 25
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mg/kg surfactant, and the results showed that PaQ; improved to 50% of the prelavage values
within 30 min and decreased over time due to diminished surtactant function (Figure 1). After
treatment of late-stage RDS and ARDS with a low dose of surfactant, transient improvement of
Pa0, is attributed to inhibition of the exogenous surfactant by plasma-derived proteins that are
filling the alveolar space due to leakage of the alveoli-capillary membrane {14-16]. In addition,
in the present study, arierial oxygenation was significantly higher during the whole observation
period in animals that received a combination of surfactant and inhaled nitric oxide, compared
with the group that received a low dose (25 mp/kg) of surfactant onty (Figure 1). This result may
imply that inhaled nitric oxide had a therapeutic effect on the lung injury. In patients with acute
lung injury, Benzing and colleagues [17] showed that inhalation of 40 ppm nitric oxide
decreased pulmonary transvascular albumin flux. The exact mechanism is not yet known, but the
authors [17] suggesied that the decreased pulmonary capillary pressure due to inhaled nitric
oxide reduced transvascular filtration. Therefore, we speculate that in our study, inhaled nitric
oxide may have decreased the influx of plasma proteins into the alveolar space, and thereby
decreased the inhibition of the low dose (25 mg/kg) of exogenous surfactant, leading to higher
PaQ, values in lung-lavaged rabbits.

Other strategies designed to recruit atelectatic lungs, such as increased positive end-
expiratory pressure, may be as beneficial as surfactant therapy in the delivery of inhaled nitric
oxide to the target celis. In the present study, arterial oxygenation improved after positive end-
expiratory pressure was increased from 6 to 10 cm H,O but no additional effect of inhaled nitric
oxide was seen on PaO, (Figure ). Furthermore, half of the animals of both positive end-
expiratory pressure groups developed a pneumothorax during the observation period indicating
that the used peak airway pressures were high (Table 1). From clinical experience, it is known
that one of the benefits of surfactant therapy includes lower peak airway pressures with reduced
risk of barotrauma [ 14, 16], which is confirmed by the results of this study (Table 1). Putensen
et al. {18] demonstrated that in dogs with oleic acid-induced lung injury, adequate recruitment
of the lung by a positive end-expiratory pressure of 10 cm H,O was essential to get an increase
in oxygenation atter inhaled nitric oxide compared with a control group without positive end-
expiratory pressure. Also, in adult patients with ARDS, Puybasset ef al. [7] reported that the

effect of nitric oxide on PaQ, was potentiated by the application of 10 cm H;O positive end-
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expiratory pressure. This potentiation occurred only in patients in whom positive end-expiratory
pressure had induced a significant alveolar recruitment. Thus, it seems realistic to conclude that
aiveolar recruitinent by positive end-expiralory pressure can also improve the efficacy of inhaled
nitric oxide. However, we speculate that in the present study, the airway pressures used were too
high, leading to high intrathoracic pressures that made vascdilation of the pulmonary vasculature
impossible due to inhaled nitric oxide. Therefore, we suggest that alveolar recruitment induced
by exogenous surfactant is more beneficial than increased positive end-expiratory pressure for
improving arterial oxygenation due to inhaled nitric oxide because of the use of lower airway
pressures.

The results of previous clinical observations are controversial concerning the dose-
dependency of inhafed nitric oxide [5,6,19,20]. In the present study, there was no dose-dependent
effect of the different used nitric oxide concentrations (4 to 26 ppm) (Figure 2). Most of the
animals had a different nitric oxide concentration by which the change in arterial oxygenation
was maximal. It appears that each lung has its own ‘optimal’ nitric oxide concentration that
probably depends of the severity of the disease process (i.e., atelectasis, edema). In the present
study, 2 low doses of nitric oxide (<20 ppm) were used because of the demonstrated efficacy of
low doses in animal experiments and patients, and to minimize toxicity [21]. In the presence of
oxygen, nitric oxide is rapidly oxidized to nitrite, or nitrates that can induce tissue damage [22].
Also, nitric oxide reacts with superoxide anions to produce peroxynitrite {22]. Haddad and
colleagues [23,24] demonstrated in vitro that peroxynitrite inhibits pulmonary surfactant
function by lipid peroxidation and damaging surfactant proteins. In the present study, there was
1o evidence that the surfactant function was more decreased after inhalation of nitric oxide when
compared with the control group that only received swrfactant (Figure I}, Furthermore, severe
methemoglobinemia due to inhalation of nitric oxide has been reported [25], However, in the
present study, no changes in methemoglobin concentration were observed with the used nitric
oxide concentrations that were used during the 30 min inhalation periods.

In the present study, we used ihe lung lavage model which has proved to be a consistent
and convenient model of acute fung injury [11]. Repeated whole-lung lavage produces an acute
quantitative surfactant deficiency. This deficiency, together with conventional mechanical

ventilation, leads to severe lung injury with impaired gas exchange, decreased ung compliance
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and functional residual capacity, increased permeability changes of the alveoli-capiilary
membrane with edema, and sustained pulmonary hypertension {11,12,26]. In the present study,
animals were first ventilated for 45 min after the last lavage before treatment was started to
induce a more severe lung injury. Although an untreated control group was not used in this
study, we [27] have previously demonstrated with the same model that following the lavage
procedure, there is no spontaneous improvement in oxygenation or fung mechanics overa 6 h
period. Despite the fact that the lung injury in this study is not representative of the pathology
as seen in hunans with ARDS, this model is ideal for testing various therapeutic interventions
that may prove therapeutic for acute lung injury [12,27-32].

We conclude that in lung lavaged rabbits, the effect of nitric oxide on improving
oxygenation is superior when lung aeration is increased with exogenous surfactant rather than
with positive end-expiratory pressure. In neonates with RDS and patients with ARDS, it has been
shown that both exogenous surfactant and nitric oxide increase PaQ, by improving the
ventilation /perfusion match [2-6,14,16]. Whereas the inhalation of nilric oxide improves
perfusion of the ventilated areas of the lung, instillation of exogenous surfactant leads to
improvement of the ventilation by reaeration of atelectatic regions. Therefore, combined therapy
of exogenous surfactant and nitric oxide inhalation could be clinically important, especially in
patients with ARDS, Nevertheless, in terms of our goal of improving oxygenation while
diminishing lung injury, it remains unclear whether a low dose of surfactant plus inhaled nitric

oxide is more optimal than a high dose surfactant.
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Summary

Objective: To assess the effects of increasing concentrations of inhaled nitric oxide (NO) during

incremental dosages of partial liquid ventilation (PLV) on gas exchange, hemodynamics and

oxygen transport in pigs with induced acute lung injury (ALI).

Design: prospective experimental study.

Setting: Experimental intensive care unit of a university.

Subjects: 6 pigs with induced ALIL

Interventions: Animals were surfactant depleted by lung lavage to a partial pressure of oxygen

in arterial blood (Pa0;) < 100 mmHg. They then received four incremental doses of 5 mitkg

perflubron (LiquiVent ). Between each dose the animals received 0, 10, 20, 30, 40 and 0 parts

per million {(ppm} NO.

Measurements and Main Results: Blood gases, hemodynamic parameters, and oxygen delivery

were measured after each dose of perflubron as well as after each NO concentration. Pertlubron

resulted in a dose-dependent increase in PaQ);. At each perflubron dose, additional NO

inhalation resulted in a further significant (ANOVA p<0.05) increase in PaQ,, with a maximum

effect at 30 & 10 ppm NO. The 5 ml/kg perfiubron dose led to a significant decrease in mean

pulmonary artery pressure which decreased further with higher NO concentrations.
Conclusions: FLV can be combined with NO administration and results in an cumulative

effect on arterial oxygenation and to a decrease in pulmonary artery pressure, without having any

deleterious effect on measured systemic hemodynamnic parameters.
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Introduction

The presence of an increased surface tension at the alveolar air-liquid interface during acute fung
injury (AL} leads to end-expiratory alveolar coliapse, atelectasis, right-to-left shunt and a
decrease in the partial pressure of oxygen in arterial blood (PaQ,), finally resulting in hypoxemia
[1]. Rational therapies to treat this condition are: first, counterbalancing the increased tendency
for coliapse by applying positive end-expiratory pressure (PEEP) to prevent end-expiratory
collapse, and/or decreasing alveolar surface tension by application of exogenous surfactant.
Another option could be elimination of the air-liquid interface by filling the lung with a fluid
that is able to maintain gas exchange. Such a fluid could be perfluorocarbon (PFC), which is
capable of dissolving large amounts of respiratory gases. Recently, the use of PFC was moditied
by filling the injured lung up to the functional residual capacity (FRC) level with PFC, and
ventilating the lung with normal gas ventilation superimposed on the fluid-filled lung. This type
of ventilation is called partial liquid ventilation (PLV), or perfluorocarbon associated gas
exchange (PAGE). This technique was used in animals suffering from respiratory failure of
different etiologies showing an improvement in gas exchange [2-9]. In some of these studies,
there was a clear dose dependent effect on oxygenation, creating the possibility for titrating the
amount of PFC to its effect. The results of a clinical pilot study on the use of PAGE have
recently been published [10],

Besides hypoxemia due to atelectatic regions in the lung, other serious problems
complicating the treatment of ALI are disabled ventilation/perfusion matching and pulnonary
hrypertension. Administration of inhaled nitric oxide (INO) in adult patients with acute respiratory
distress syndrome (ARDS) has been shown to cause selective vasodilation of the pulmonary
vasculature of ventilated lung regions leading to an improved oxygenation due to a decrease in
pulmonary right-to-left shunt [11-13].

Based on these findings we hypothesized that, after increasing the area of gas exchange at end-
expiration by PLV, the administration of NO by inhalation may funther enhance oxygenation and
result in decreased pulinonary arlery pressures. To test this hypothesis we investigated the
effects of increasing concentrations of NO during incremental dosages of PFC on gas exchange,

hemodynamics and oxygen transport in pigs with induced ALL
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Materials and methods

Animal preparation

The study protocot was approved by the University's animal experimental committee. Anesthesia
was induced in 6 female Yorkshire pigs (weight 7 £ | kg) with ketamine (10 mg/kg) and
midazolam (0.5 mg/kg), and was maintained with a continuous infusion of ketamine (80
ig/kg/min) and midazolam (9 wgfkg/min). All animals were tracheotomized, intubated with a
6.0 mm endotracheal tube fitted with a Filtraflux heat-moisture exchanger with built-in bacterial
filter (ICHOR AB, Bromma, Sweden)} and cannulated with a carotid artery catheter, a 5 Fr
puitonary artery catheter (SP51055H Viggo-Spectramed, Wiltshire, UX), a continuous blood
gas monitoring sensor (Paratrend 7, Pfizer, Biomedical Sensors, High Wycombe, UK) placed
in the left femoral artery, and a central venous catheter. During animal preparation, volume
controtled ventilation with a Servo 300 ventilator equipped with a built-in NO administration
module (Siemens, Solna, Sweden) (set at frequency 20 /min, inspiratory time 25%, pause time
10%, inspiratory rise time 5%, PEEP 5 cm FHLO and 100% oxygen) was used. Muscle relaxation
was achieved by a continuous infusion of pancuronium bromide (2.5 pg/kg/min). Minute
ventilation was set to deliver tidal volumes of 10 ml/kg body weight. These ventilator settings
were maintained during the entire study period.

All animals were surfactant depleted according to Lachinann et al. [14] by repeated lung
lavage with warm saline (38°C, 30 ml/kg) to reduce PaO, below 100 mmHg. Subsequently, all
animals were ventilated for { hour to obtain stable baseline values. Following this baseline
period all animals received four intratracheal doses of 5 mitkg pertlubron (LiquiVent; Alliance
Pharinaceutical Corporation, San Diego, USA); in between these doses a sequence of different
concentrations of NO (0, 10, 20, 30, 40 and 0 ppm NO) was added to the inspiratory gas. Each

concentration of NO was administered for period of about 10 min.

Measuremnents

Arterial and mixed venous samples were anatyzed for blood gases, pH and mixed venous oxygen
saturation {Sv(O,} and hemoglobin concentration by conventional methods (ABL-505 OSM-3
combination, Radiometer, Copenhagen, Denmark). This combination was used {o calculate base

excess (BE), intrapulmonary shunt, arterial oxygen content (C,0;), oxygen delivery and
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arferiovenous oxygen content difference. Additionally blood gases were monitored continuously
by means of a bloodgas monitor.

Using Statham P23XL transducers (Spectramed, Oxnard, CA, USA), systolic, diastolic
and mean arterial pressure as well as systolic (SysPAP) diastolic (DiaPAP) and mean pulmonary
artery pressure (MPAP), pulmonary capillary wedge pressure and central venous pressure were
recorded in all animals. Cardiac output was measured in triplicate using the thermodilution
technique with 5 mt saline, using a Sirecust 1280 monitor (Siemens, Danvers, MA, USA) that
afso traced heart rate. This monitor was also used to calculate pulmonary vascular resistance and
systemic vascular resistance,

All measurements were recorded just prior to a change in PFC and/or NO concentration,

At the end of the study period all animals were sacrificed with an intracardiac overdose of KCl

Statistical analysis

Statistical analyses were performed using the Instat 2.0 biostatistics package (GraphPad
Software, San Diego, USA). For each PFC dose and subsequent NO concentrations intra-group
comparisons were made with repeated measures ANOVA. If ANOVA resulted inap<0.05a
Dunnett post test was performed. This post test used the data measured after each increment of
perflubron with the first O ppm NO setting as control value. A p value of 0.05 was taken as

significance level. Alt data are reported as mean values + standard error of the mean (SEM).

Results
Before and after fung lavage in all animals all data for blood gases and hemodynamics were

comparable {p > 0.05, ANOVA). No improvement in blood gases was observed during the

1-h postlavage period. All animals survived the study period.

Gas exchange paramefers (Table 1)

Aduministration of increments of perflubron of 5 ml/kg resulted in an increase in PaO; of 22.0,
55.3,47.5 and 51.2 mmHg (i.e. 35, 58, 28 and 24% resp.); supplemental NO inhalation at each
dose of perflubron resulted in an additional significant increase in Pa0Q, with a maximum effect

of NO at 20-30 ppm NO (Fig Ia). The incremental increases in perflubron dose did not result
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in a statistically significant improvement of PaCO, and pH values; however, these PaCO; and
pH values showed a dose-dependent significant improvement when combined with additional
NO administration at the 15 and 20 ml/kg body weight perflubron dose. There were no
significant changes in BE during the study period.

The first dose of 5 ml/kg BW perfiubron resulted in a significant improvement in SvO,
from 48.5 £ 5.3% to 54.9 1 9.6%. Additional NO inhalation at the 15 and 20 mi/kg perflubron
doses significantly improved SvO; at 10-30 ppm NO,

Shunt was reduced at each increment of perflubron reaching statistical significance at
10-20 mifkg perflubron, At each dose of perflubron additional NO administration turther

reduced shunt, although these changes were not signiticant,

Each increment in perflubron resulted in an increase in mean CaQ;; at the 5 and 10
mi/kg perflubron doses CaQ, was significantly increased by additional NO administration.
At each dose of perflubron, DO; was not significantly changed by NO administration.

Online blood gas recordings showed a time-related effect of NO on blood gases. Figure
2 shows the dose-dependent improvement in gas exchange int one animal at a dose of 10 mitkg
perflubron. Figure 3 shows a rapid (< 3 min} decrease in Pa0, from 140 to 89 mm Hg, as a resuit

of switching from 40 to 0 ppm NO in an other animal at a perflubron dose of 5 mi/kg.

Hemodynamics (Table 2)
Administration of 5 ml/kg perflubron to a totai dose of 10 mi/kg resulted in a significant
decrease in SysPAP (-14%) and MPAP (-11%). All other decreases in pulmonary artery
pressures were observed during additional NO administration: SysPAP showed a significant
decrease with additional 30 ppm NO (15 and 20 mb/kg perftubron), DiaPAP showed a significant
decrease with additional 30-40 ppm NO inhalation {15 ml/kg perflubron) and MPAP values (Fig
1b) showed a significant dose-dependent decrease at the 10, 15 and 20 mitkg BW perflubron
doses.

Stopping NO administration resulted in a significant rebound hypertension in MPAP at
a dose of 5 ml/kg BW perflubron, with a simultaneous increase in pulmonary vascular

resistance.
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This was reduced significantly at a dose of 10 ml/kg BW perflubron with 40 ppm NO and at a
dose of 15 mikg BW perflubron with 20 ppm NO.

There was a significant decrease in HR at the 10 ml/fkg perflubron dose with
additional 40 ppm NO. There were no significant changes in any other measured or

calculated hemodynamic parameters.

Table | Data on gas exchange parameters in pigs (# = 6) with AL following a combination of perftubron {LiquiVent) and NO. * Vahus
are mean £ SEM

pCO, (mmHg) pH
Baseline®  55.2% 3t 608175 58666 0.1162 72710031 72580048 72340059 726 £0054
LiquiVen:  Smirkg 10 mbky I3 mitkg 20 mifkg S mifkg tdmbkg 153 mlfkg 20 miikg

OppmNQ 528215 53.2£4.5 610130 §1.ithd 72620028 72540051 72230061 72510052
10ppm NG 50.2£3.2 33.0£5.7 567166 SL5 46 72910036 7260056 726200587 7.27 L (UHR
0ppm NO  49.2£29 53.1£60 Jaxo60 Sl2+49¢ 7290040 7260057 727 £0056% 28 £ (MG
W0ppmNO  49.9+3.5 545£59 545+ 58" SLS5149¢ 72810047 72510058 727 £40.055% 1200044
40ppm NO 504137 555164 Sldtolr 501246 72830043 22540057 72T £(055¢ 729 20040

OppmNO  60.8+75 586166 56,1 £6.2 522345 T25+£0.044 72340059 72640054 7280036

Shunt {%) Mixed venaus O, saturation (%)
Baseline: 43.4+7.1 423173 324 +5.4% 265+£3.7¢ 485+ 5.3 549196 657147 712139
LiquiVent:  Smbkg 10 mikg 15 mikg 20 miftkg Smikg 10 miikg 15 mikg 2 mlikg,

OppmNO 372862 328360  256%37  192+19  602+75 589370 675450 730233
Wppm NO  327£56  257+39  2L5+27 195319 63575 646862 731436  TI6£43
0 ppm NO 287146 25735 206121 1641 1.¢ 6RY £ 6.7 491352 B.6 + 56¢ T5E£132
0ppmNO 274141 24030 2L4%25  162+101  6Id£7.0  668+59 762433 Ted+29
4W0ppmNO 28442  241+31  22T225 1623212 629470  FO0:d4  757:38  760+37

OppmNO 423473 324454 265537 94323 549296 657247 712439  J2SE18

Arterial oxygen conteat (int/dl)

Baseline: 12.1£09 13.7% 1.1 157412 10.3£1.2
LiquiVent: 5 mifkg 10 mbkg 15 mlike 20 mliky

OppmNO 13309 [5.14 1.0 165113 173+ 1.0
10ppmNO  15.1£09%  [65:L1* (68211 1740 £ 1.0
0ppm NO 154 £33+ 162+ 1.1 171 LI 17,1 £08
30ppmNO 158109 163 £ 0.9+ 167£1.2 17.2 4419

OppmNO  160209¢  164+09% 16710 169210
GppmNO 137111 157412 [63£12 168+ )0

‘ p<uny ] * Baseline represents the data prior to an inerease in LiguiVent
* Intragroup comparisons ANOVA with Dunneu positestif ANO-  dose

VA p ‘I: 1105, using the data afier cach increment of LiquiVent as

contro
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Figure 1. Arierial oxygen tension (Pa0,) (a), and mean pulmonary artery pressure (MPAP) (b} in relation to the
amount of LiquiVent followed by different NO cencentrations in parts per million (ppm) in pigs (n=6) with acute
lung injury. Bars represent increments of perflubron. Dala are means + SEM. Intra-group comparisons ANOVA
with Donnet post-test if ANOVA (p<0.05), using the data after each increment of perflubron with the first setting
0 ppm NO as control

+=p <0.05.
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1905 1330 1345 i4es 14
4/5 /5 o/10 10/10 20/10  30/10

Nitric Oxide (ppm)/LiquiVent {ml/Kg)

Figure 2. Print-out from the online bleod gas monitor, showing the effect of different doses of inhaled NO
(0, 16, 20, 30 ppm) on pH, PCO; and PO, in one pig ventilated with 10 mifkg LiquiVent,

Nitric Oxide ppm: 40 0

Figure 3. Print-oul from the on-line blood gas monitor, showing the effect on pH, PCO; and PO; when
swilching from 40 te 0 ppm NO in one pig ventilated with 5 ml/kg LiquiVent,
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Table 2 Data on hemodynamic parametets in pigs {# = 6} with ALI following the combination of perflubron (LiquiVent) and NO.* Val-
ues are mean £ SEM

Mean arleria) pressure (mmHg)

Systolic pulmenary pressure (mmHg}

Bascline® 96.2+54 90168 9551 5.1 91,738 378134 394 £3.6 376148 33441
LiquiVent: 5 mlkg 10 mbikg 15 mikg 20 miikg 5 mbrkg 10 mlkg 15 mikg 20 mbkg
Qppm NO 94.0+50 978147 95.746.7 93.5+44 320217 338142 3341236 318431
10 ppm NO 56855 980166 930163 8%3+38 2701038 322436 280125 284+25
W ppm NO 958160 925150 93.3+54 50.7+131.9 280+19 31.0+4.0 274321 282+25
30 ppm NO 913177 932113 938451 BLT£59 282125 322437 268230 270134
40 ppm NO 938152 MTE62 905131 89.0+7.3 304129 a4l 300130 218426
O ppm NO 91.0+6.8 95.5£5.1 917138 0.0+ 64 394136 376448 334141 304637
Biastolic pulmonary pressure {mniHg) Central venous pressure (mmHg)
Baseline: 24016 44134 22841 17.6£3.0 45+ 1.1 48110 45+ 1.4 5312
LiquiVens: 5 mlikg [0 mikg £S5 mifkg 20 mlkg Smlfkg 10 mifkg E5 mifkg 20 mlikg
0 ppm NO 20620 220433 208232 176230 42411 43+ 50114 52492
10 ppm NO 18018 170154 17025 158+ 1.8 40+1.4 38£10 47113 37t t0
20 ppm NO 186+20 19.4 + 3.9 166£27 46119 kI3 Ri) 5241 52213 6309
30 ppm NG i88+1.8 128+36 152117 142426 35+ 11 48 L0 55%15 4R L6
40 ppm NO i0.4+22 178133 152 12.5% 142+16 40112 ERE SN 474143 [REAY
O ppm NO 244+34 228141 16430 194427 48110 15214 53512 62104
Heatt rate (beats/min} CO (Ifmin)
Baseline: 15258102 15672100 143.7:81 148.7+ 8.6 Lt tal Yot 1.0+02 1.1 100
LiquiVent: 5 mlkg 1B mifkg 15 mlikg 20 mlikg S mlfkg 10 mifkg 15 mbtkg 2 mlikg
O ppm NOQ 1520+ 104 1537497 1447+102 15281104 104101 09+02 1.0+01 1.1 £0.]
10 ppm NO [50.7£83 1493192 144887 15221938 10202 1.0£02 LItod 11102
20 ppm WO 15554113 1488+ 8] 14571 8Y 4922100 10201 {1102 L1+01 P02
30 ppm WO 15584104 14422103 1402181 1492296 09202 10102 1.0+404 IR E2IN]
40 ppm NO 15234104 1392184 1492182 15284117 09£02 10101 11201 [T+
0 ppm NO 15675500 1437141 14812 8.6 14683167  09:01 10202 112010 1.1+02
Pulmonary wedge pressure {mmHg) PVR {dynessicm®)
Baseline: 62103 663 5410 5204 18284249 2452414018 W21 414 1603 4 315
LiquiVenl: Smitkg 10 mltkg 15 mitke 2 mbrkg Smikg 10 mlfkg 15 miikg Mmlikg
0 ppm NO 52402 6010 56107 4809 17434223 2407 £ 586 1870 + 408 16491 339
10 ppm NO 4.0+006 56009 521 48+ 1.0 F754 £ 428 1999 + 505 THH 234 1461 + 270
20 ppm NG 60+09 5008 52+12 5008 1546 + 272 1839 1 557 1353 £ 225¢ 1450 + 294
36 ppm NO 60+09 50+10 46 tit 46110 1742 £ 324 19132 435 1414 £232 1356 4 284
40 ppm NO 56410 54410 441701 5407 1946 £ 432 1232 £36%9° 1388+ 260 12490 4 225
& ppm NO f£6*13 54410 52110 46509 2452 £ 418* 20892 d14¢ 16031315 1755 1 304
*p <005 " Baseline represents the data prior 1o an increase in LiguiVent

* Intragroup comparisons ANOVA with Dunnett post-testif ANO-

dose

VA (p <0.05). using the data after each increment of LiquiVeni as

control
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Discussion
The mode! of induced ALI used in the present study leads to decreased arterial oxygenation as
aresult of end-expiratory collapse due to surfactant deficiency, and is comparable to the changes

found in ARDS {14-16].

The results of the present study show that PLV is an effective therapy, leading to a dose-
dependent improvement in gas exchange in surfactant-depieted pigs. These findings confirm the
results from previous reports on PLV 5, 8]. The beneficial effect of PLV on gas exchange is
mediated through the physical presence of PFC in the alveoli preventing thetn from expiratory
collapse. This collapse usually accounts for two-thirds of the time of the respiratory cycle. The
high dissolved volume of oxygen (perflubron; 55 ml/100 ml at 37°C and at 1 atmosphere of
pressure) continues to oxygenate the blood during the expiratory period, resulting in improved
arterial oxygenation. Furthermore, PFC enhances alveolar recruitment in the surfactant-deficient,

atelectatic lung [17].

Puimonary hypertension due to pulmonary vasoconstriction and/or widespread vascular
obstruction is a common finding in severe ALI or ARDS [i8]. Due to an increased
microvascular filtration pressure pulmonary hypertension can increase the accumulation of
extravascular lung water [19]. This extravascular lung water may lead to worsening oxygenation,
resulting in further increase in hypoxic vasoconstriction, Furthermore, pulmonary hypertension
can cause right ventricular dysfunction [20}. Because of its selective pulmonary vasodilating
properties inhaled NO was suggested as a therapy for pulmonary hypertension [13]. NO-therapy
is feasible because NO is short acting, is easily titrated to its effect and can readily be removed
trom the lungs [21].

Our study also shows that administration of NO, after pretreatment with PEC, results in
a turther improvement in gas cxchange, with a simultaneous decrease in pulmonary artery
pressures. The successful combination of NO and PFC was first reported in a hypoplastic
congenital diaphragmatic hernia lamb model {9]. However, this lamb model is a neonatal model

in which the pathophysiology of respiratory failure is different from that of ALI in adults.

Figure 1a shows that the maximal effect of additional NO inhalation resulted in a more

than [00% increase in PaQ), values (48.9 x 10.6 to 177.1 + 42.1 mmHg) at the 5 ml/kg
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perflubron dose. A similar increase in PaO, was obtained with the next increment of 5 mlfkg
perflubron alone. At the higher doses of perflubron, additionai NO inhalation resulted in a
smaller increase (30-50%) in PaQ,; values, whereas each subsequent increment in perflubron
showed an equal increase in PaO, as obtained with NO administration at the previous perflubron
dose, These effects indicate that, after an initial improvement in Pa0, by administration of
perflubron a further increase in oxygenation can be obtained by either a low dose of perflubron

in combination with NO or a higher dose of perflubron without NO.

The well-known finding that high NO concentrations decrease Pa0O, by diffusing to
nonventilated lung regions, dilating the vessels in these areas, resulting in an increase in right-to-
left shunt [22], was observed in our experiments only at the 5 ml/kg perflubron dose. This effect,

however, was not significant.

The improvement in CO; elimination by administration of perflubron was enhanced by
additional NO inhalation resulting in an improvement in pH. The findings proved to be
statistically significant; however, we can not contribute this effect to additional NO inhafation
alone. Because of the fact that during the study period minute ventilation was not changed,

baseline PaCO, values varied widely. Therefore we question the significance of these findings,

Perflubron has a high solubility for respiratory gases. To date there is no information
available on the solubility of NO in PFC, nor were we able to measure the amount of NO
dissolved. However, online bioodgas monitoring showed that changes in NO concentration
resulted in rapid changes in Pa0O, (Fig 2 and ). This rapid response to NO was similar to the
time-response curves reported by Gerlach et al. (1-2 min)[21]. The rapid response to changes
int NO concentration in our study shows that there is no clinically important effect of PFC on the
time-response effect of NO, indicating that the total amount of NO dissolved in perflubron must
be low. When applying partial liquid ventilation with perflubron higher concentrations of
inspired oxygen are needed to maintain a high oxygen diffusion gradient, in order to adequately
oxygenate the blood. Higher inspired concentrations of oxygen are known to react rapidly with
NO to forin toxic redox forms of NO [23]. In the present study no measurements were made to
quantify the transformation of NO. However methaemoglobin concentration, as well as mixed

expired NO, concentration both remained low (<3% and <5 ppm respectively). Further

120



Partial liquid ventilation and Inhaled NO

discussion of the safety of inhaled NO alone or in combination with PFC is beyond the scope

of this paper. The toxicity of nitrogen oxides has recently been reviewed [23].

In conclusion: This study showed that the combination of perflubron and NO has an
cumulative effect in increasing gas exchange and lowering pulmonary artery pressures. Due to
its additive effect it may even be possible to reduce the amount of PFC's by adding NO to get
a certain oxygenation which normally results after higher doses of PFC. However, before this
combination may be used rowtinely to treat patients, more basic information is required about,
for example, what is happening with NO in the PFC, is there any accumulation of possible

radicals in the PEC, or what is the solubility of NO in PFC.
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Summary

Partial liquid ventilation (PLV), a hybrid technique that superimposes gas ventitation on lungs
that are filled with perfluorocarbons (PFCs), has been shown to improve oxygenation in animal
models of acute lung injury (ALI). Several physico-chemical properties of perfluorocarbons are
considered important in their capability to improve pulmonary function. This study was
performed to allow a direct comparison of four perfluorocarbons with different physico-
chemical properties during PLV with respect to gas exchange, lung mechanics, alveolar protein
influx and surfactant system. Thirty-six adult male Sprague-Dawley rats were anesthetized,
tracheotomized and submitted to pressure controlled mechanical ventilation at an FiQ; of 1.0,
30 breaths/min, I/E of 1:2, a positive fnspiratory pressure (PIP) of 26 cmH,0, and a PEEP of 6
c¢mH,O. Acute fung injury was induced by repeated lung lavages to obtain a Pa0, < 100 mmHg.
After steady state, animals were randomly divided (each group n=6} to receive either APF-140,
APF-213, APF-175A or FC 3280 intratracheally, in a dose of 15 mlfkg body weight. One group
received no PFCs, but was ventilated with a PIP of 28 ¢mif,O and a PEEP of 8 cmI,0
(ventilated control group). Gas exchange was determined hourly during a 4 h observation period.
In the groups that received PFCs, evaporational losses were compensated for. Instillation of APF
175A resulted in a significant and sustained improvement in gas exchange, an increase in total
lung capacity, and prevented an increase in alveolar protein influx. Instillation of APF 140
caused a fransient increase in oxygenation and prevented an increase in alveolar protein influx,
but did not increase total lung capacity. In the other two perfluorocarbon treated groups, gas
exchange did not improve and no ditferences were found compared with the ventilated controls.
We conclude that the efficacy of perfluorocarbons to improve pulmonary function cannot be

predicted based on their physico-chemical properties.
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Introduction

In the last few years, several studies have investigated the effect of partial liquid ventilation
(PLYV) in animal models of acute lung injury (ALT). Filling the fungs up to the level of tunctional
residual capacity with perfiucrocarbons, followed by gas ventilation, has been shown to improve
gas exchange and lung mechanics, and to result in less lung injury [ 1-4]. In clinical studies, some
of these beneficial effects have been confirmed in patients with acute respiratory distress
syndrome (ARDS) [5, 6, for review see 7].

The exact mechanisms by which perflucrecarbons improve gas exchange and lung
mechanics, and the way in which these are influenced by the physico-chemical properties of the
perfluorocarbons, have not yet been elucidated. Different pertluorocarbons with a wide range
of physico-chemical properties are available for experimental use, thus allowing evaluation of
these different profiles and their efficacy. One of these perfluorocarbons, FC 3280 has shown
to improve gas exchange and lung mechanics, and to attenuate hung injury [8, 9]. Others
perfluorocarbons have not yet been tested for use in partial liquid ventilation.

The aim of the present study was to compare four perfluorocarbons with different
physico-chemical properties on their efficacy in improving pulmonary function. We performed
the study in lung lavaged rats, which were submitted to partial liquid ventilation under well
standardized experimental conditions. We used the rat model of surfactant deficiency which has
proven to be a convenient and consistent model of ALL Gas exchange was assessed during 4
hours of partial liquid ventilation, after which lung mechanics, alveolar protein influx, and

several parameters characterizing the surfactant system were determined.

Methods

The study protocol was approved by the University’s animal experimental conunittee, and the
care and handling of the animals conformed with European Community guidelines (86/609%/EC).
The study was performed in 36 aduit male Sprague-Dawley rats (body weight 270-330 g), After
induction of anaesthesia with 2% enflurane and 65% nitrous oxide in oxygen, a polyethylene
catheter was inserted into a carotid artery for drawing arterial blood samples. Betore
tracheostomy, the animals received 60 mg/kg pentobarbital sodium, i.p. (Nembutal®, Algin BV,

Maassluis, the Netherlands). After tracheostomy, muscle relaxation was induced by
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pancuronium bromide 1 mg/kg, i.m. (Pavulon®, Organon Teknika, Boxtel, the Netherlands)
immediately followed by connection to a ventilator. The animals were mechanically ventilated
with a Servo Ventilator 300 {Siemens-Elema, Solna, Sweden) in a pressure constant time-cycled
mode, at an inspired oxygen concentration (FiO,) of 1.0, frequency of 30 breaths per minute
(bpin), peak inspiratory pressure (PIP) of 12 cin H,0, positive end-expiratory pressure (PEEP)
of 2 cmH;0, and inspiratory/expiratory (I/E) ratio of 1:2. Anaesthesia was maintained with
pentobarbital sodium 40 mg/kg/h, i.p.; muscle relaxation was maintained with pancuronium
bromide | mg/kg/h, i.m, Body temperature was kept within normal range by means of a heating
pad. Immediately after induction of anazesthesia one group of animals (n=06) was killed to serve
as healthy controls.

Acute fung injury was induced in the remaining animals by repeated broncho-alveolar
lavage (BAL) (32 ml/kg) with warm saline (37°C), according to Lachmann and colleagues [10].
BAL was repealed as often as necessary to produce a PaQ,<100 mmHg at a PIP and PEEP of
26 and 6 cmH,0, respectively, Within 10 min after the last lavage, 30 animals were randomised
to receive an intra-tracheal bolus of 15 ml/kg of one of four perfluorocarbons, with different
physico-chemical properties (Table 1}, or to serve as ventilated controls (each group n=6}). For
administration of the bolus of perfluorocarbons, the animals were disconnected trom the
ventitator, immediately followed by re-connection to the ventilator. To compensate for
evaporational losses of perfluorocarbon during the study period, an hourly check was made to
establish whether a meniscus was visible just above the tracheostomy-cannula at disconnection
from the ventilator. If this was not the case, perfluorocarbon was administered in boluses of 3
mb/kg until the meniscus was visible. In the ventilated control group, which did not receive
pertluorocarbons, ventilator pressures were increased by 2 emH,O (PIP/PEEP of 28/8 cmH,0)
to maintain PaO, above 50 mmHg. These ventilator settings were not changed throughout the
remaining study period; this group served as ventilated controls.

Arteriad blood gas samples were taken prior to favage, after lavage, and hourly for 4 h,
The samples were analysed for arterial oxygen tension (PaOy) and arterial carbon dioxide tension
(PaCQO,) on an electrochemical bloodgas analyser (ABL 505, Radiometer, Copenhagen,

Denmark).

At the end of the experiment, the animals were killed by an overdose of pentobarbital.
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Table 1. Physico-chemical properties of the tested perfluorocarbons. All values are at 25°C,

APF 140 APF [7SA APF 2[5 FC 3280
(Perfluorodecalin}  (Perfluorodimethyl- {Perfluoro-
decalin) phenantrane)
Surface tension 19.3 20.5 21.6 12
(dynesfom)
Vapor pressure 6 0.67 0.12 61
(mmHg)
Density ' 1.93 1.98 2.01 1.75
(g/ml)
0; solubility 49 35 7 40
(mi/100 ml PFC)

APF-140, APF-175A and APF-215 were provided by Fluoro-Seal Inc, Round Rock, USA. FC-3280 was
provided by 3M Chemical Products, Neuss, Germany.

Static pressure-volume curves were recorded using conventional techniques [10]. Total lung
capacity (TLCys) was defined as lung volume above collapsed volume at inflation with a
distending pressure of 35 cmI,0. After the pressure-volume recordings BAL was performed
five times with saline-CaCl; 1.5 mmo¥/litre. The active surfactant component in the BAL fluid
was separated from the non-active surfactant component by differential centritugation followed
by subsequent phosphorus analysis, and the ratio between non-active and active components
(small aggregate to large aggregate ratio = SA/LA ratio) was calculated, as previously described
by Veldhuizen and cotleagues [11]. The protein concentration of the BAL fluid was determined

using the Bradford method (Bio-Rad protein-assay, Munich, Germany) [12}.
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Statistical analysis was performed using the Instat statistical package, Inter-group
comparisons were analysed with ANOVA and intra-group comparisons were analysed with
repeated measures ANOVA. If ANOVA resulted in a p < 0.05 a Tukey-Kramer post-test was
performed. All data are reported as mean £ SD and p < 0.05 was considered statistically

significant,

Resulis

Blood gas values before and iminediately after lavage were comparable for all five ventilated
groups (Fig.1 and Table 2}. All animals survived the study period. In the groups treated with the
perfluorocarbons APF 140 and APF 175a, Pa(; increased significantly after lavage, and
remained stable in the APF 175A group but decreased significantly in the APE 140 treated
group. In the groups treated with APF 215 and FC 3280, as well as in the ventilated control

group, Pa0, did not improve after lavage,

s00F {1 conrroL
g; 500 E20 ner 140
g 400 - e
%‘“ 3007 APE 215
% 200} FC 3260
1001

Hea

Time (h)

Figure 1. PaO, values (tnmHg, mean + SD) for all ventilated groups. Control = ventilated control group.

¥ p<0.05 vs ventilated controls.
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Perfluorocarbon was substituted periodically to compensate for the evaporational loss
and the substitution doses (ml/kg/h) were 1.6 £ 0.1 (APF 140}, 1.1 + 0.4 (APF 175A), and 3.3
+ 0.5 (FC 3280). In the APF 215 treated animals no substitution was necessary.
PaCQ, data are given in Table 2. After lavage, PaCO, increased significantly in all groups.
Administration of APF 140 and APF 175A resulted in a significant decrease of PaCQ, {Table
2).

Tabhte 2. PaCO, values in the ventilated groups (inean * SD, mmHg)

Ventilated APF 140 APF 175A APF 215 FC 3280

Control

Before lavage 45 4 5.1 39 + 41 44 + 10.8 39 + 23 45 £ 4.5
After lavage 67 £ 114 66 + 59 72 £+ 129 67 % 108 71 = 13.7
lh 59 & 127 44 x 51% 53+ 13ttt 64 £ 128% 49 + 52
2h 60 & 142°% 41 & 42% 50 + 136% 63 + 1097 60 & 7.3°
3h 63 + 1501 46 + 43°*% 48 + #42% 69 + 115%0 66 + 3.7°%
4h 63 181 47 % 28% 47 + 124% 70 + 103°%7 sS4 1 121

h, hour. ¥ vs. APF 140; ¥ vs. APF 175n; Intra-group comparison: ¥ vs, after lavage

Figure 2 shows the deflation limbs of the pressure-voluine curves, Lung volume in the
healthy controls exceeded the lung volume in all other groups. TLCs was significantly increased
in the APF F75A treated animals compared to the ventilated control group, but not in the other
perfluorocarbon treated groups. At deflation below 10 cmH,0, there was no significant
difference in lung volume between the ventifated control group and any of the perfluorocarbon
treated animals.

The protein concentration of BAL fluid was significantly increased in the APF 215, FC
3280 and ventilated control groups, but not in groups APF 140 and APF 175a, compared to the
heaithy controls (Fig. 3). The SA/LA ratio, which is the ratio between non-active and active

surfactant compenents, was increased in afl ventilated groups compared to the healthy controls
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Volume (mifkg)
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Figure 2. Deflation limbs from the pressure-volume curves, mean + SD. Volume is lung volume above
functional residual capacity. A=healthy controls; O=ventilated controls; ¥=AFF 140; E-APF [754;

©=APF 215; ®=FC 3280, For all pressures, volumne was significantly decreased in all ventilated groups

compared to the healthy controls. *, p<0.05 vs ventilated controls,
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1.257

1.007

0.75

0.50

Proteins (mg/ml)

0.25°

e
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0.00 — *
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Control  Control APF 140 APF 175A APF 215 FC 3280

Figure 3. Protein concentration (mean + SD) of the BAL fluid of the different groups. *, p<0.05 vs.

healthy control group.
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but there were no differences between the ventilated groups. The total amount of phosphorus
in the BAL fluid, that was measured te quantify the phospholipid-containing surfactant system,
was abviously decreased in all lavaged and ventilated groups compared to the healthy controls

but there were no differences between the ventilated groups (Table 3).

Table 3, Data on pulmonary surfactani: Total phosphorus, and small aggregate to large aggregate ratio

{SA/LA ratio) in the six study groups (mean + SD).

Total phosphorus SA/LA ratio
(pmol/ml}

Healthy control 0.14 £ 0.06 03zx0.1
Ventilated control- 005 £ 0.01 1.5+04*
APF 140 0.05+0.01 18 1.0%
APF 1752 0.05 : 0.0} 25+08%
APF 215 0.09 £ 0.03 Lo+ 1.1 *
FC 3280 0.05+0.01 25£0.7%

* p<0.05 vs. Healthy control

Discussion
We could not identify a single factor that predicts efficacy of a perfluorocarbon to improve gas

exchange and lung mechanics, or to prevent alveolar protein influx, during partial liquid
veatilation. Instillation of APF I75A results in a significant and sustained improvement in gas
exchange and total lung capacity, and prevents an increase in alveolar protein influx. Instillation
of APF 140 caused a transient increase in oxygenation and prevented an increase in alveolar
protein influx, but did not increase total lung capacity. In the other perfluorocarbon treated
groups, no differences were found compared with the ventilated controls.

The improvement in gas exchange in the APF 140 and APF 175A treated animals is in

accordance with previous reports on partial liquid ventilation in animal models of ALI {1-4, 8,
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9]. Receat studies have shown that after intra-tracheal instillation, perfluorocarbons are
predominantly distributed to the dependent regions of the lung, leading to recruitinent of
collapsed alveoli with an increase of end-expiratory lung volume, thereby reducing
transpulmonary shunt and thus improving gas exchange [13, 14]. In the present study, in the
APF 140 treated animals a decrease in oxygenation was seen after an initial improvement. In
previous studies it was noted that, when perfluorocarbons are lost from the lungs by evaporation,
alveolar collapse re-occurs leading to a decrease in PaO, [3]. However, in the present study
evaporational losses were compensated for each hour by refilling the lungs with perfluorocarbon
until a meniscus was visible above the tracheostomy catheter. Therefore, the decrease in Pa0,
over the 4 h ventilation period in group APF 140 cannot be explained by evaporation.

The lack of improvement in oxygenation in the APF 215 and FC 3280 treated animals
is striking given their physico-chemical prefile. Severai mechanisms could hamper an
improvement in oxygenation, such as insufficient oxygen solubility or an increase in
ventilation/perfusion mismatch due to compression of pulmonary vessels by the
perfluorocarbons. However, oxygen solubility was comparable in the tested perfluorocarbons,
and although APF 215 is the perfluorocarbon with the highest density, it is comparable to the
density in APF 175A which showed a sustained improvement in PaQ; (Fig 1). However, in
previous studies in lung lavaged pigs an improvement in oxygenation was found after instillation
of FC 3280 (8, 9].

It has been hypothesized that after intra-tracheal instillation of perfluorocarbon, a thin
film covering the entire alveolar surface of the non-dependent part of the lung is formed as a
result of evaporation of perfluorocarbon from the lower lung parts [31. Since perfluorocarbons
have a low constant surface tension, this results in a reduction of the retractive forces in the
surfactant deficient lung, thus allowing targe volume changes with only small changes in
pressure. This indicates that perfluorocarbons with the lowest surface tension should lead to the
highest TLCys. In the present study however, APF 173A, which has almost the highest surface
tension of all tested perfluorocarbons, was the only perflucrocarbon with an increase in TLC;4
compared to the ventilated control group (Fig. 2).

The presence of noti-compressable perfluorocarbons in the alveoli prevents them from

end-expiratory collapse. There is evidence that repeated alveolar collapse leads to the occurrence
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of shear forces, which have been shown to damage the alveolar-capillary membrane and lead to
alveolar protein influx [15, 16]. In the APF 140 and 175A treated animals, in which
perfluorocarbons prevenied alveolar collapse during a large part of the ventilation period as
indicated by the sustained improvement in PaO,, alveolar protein influx was not increased
compared to healthy controls (Fig. 3). In the APF 215 and FC 3280 treated groups, as well as
in the ventilated control group, repeated alveolar collapse is likely to have occurred given the
lack of improvement in PaQ,, which is in accordance with the increase in alveolar protein influx
(Fig. 3).

In a previous study, it was found that 3 h of partial liquid ventilation increased the loss
of radioactive fabeled phospholipids from the lungs of healthy rabbits [17]. In another study, it
was found that PLV for 5.5 h in healthy rabbits enhanced surfactant phospholipid production
[18]. However, in the present study no significant differences were observed between the
ventilated groups in total phosphorus or SA/LA ratio (Table 3). We therefore conclude that 4
h of PLV with all tested perfluorocarbons in this model of surfactant deficiency had no effect
on the pulmonary surfactant system, compared with conventional ventilation, but the exact
effects of partial liquid ventilation on the pulmonary surfactant system remain to be elucidated.

In conciusion, it proves difficult to predict the efficacy of perfluorocarbons for use in
partial liquid ventilation based on their physico-chemical properties. PLV with APF 175A
resulted in a sustained improvement in gas exchange, an increase in TLCs;5 and a decrease in
alveolar protein influx, suggesting it might be useful for clinical purposes. However, future

studies remain necessary to elucidate the exact mechanisms involved.

Speculation

Most published experimental and clinical data on partial liquid ventilation were obtained with
Perflubron. Although Perflubron was not tested in the present study, our group earlier
investigated Perflubron in lung-lavaged adult rabbits, The results that we obtained on PaQ, with
APF 175A are comparable with the results that were obtained with Perflubron. In the latter
study, Tittéincti et al. administered Perflubron in a dose of 12 ml/kg to lung-lavaged rabbits, who
were subsequently ventilated with a PEEP of 6 cmH,0 (Fig. 4) [2]. In the Perflubron treated

animals a decrease in Pa0; was observed 4 h after lavage, which was attributed to evaporational
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loss of Perflubron, since no substitution doses were administered in that study. The data from
the present study show that for improving oxygenation, APF 175a could be a useful alternative

for Perftubron.

Figure 4. Pa0, values (mmHg, mean = SD) from APF 175A treated animals from the present study, and
Perflubron treated animals. Striped bar=lung lavaged rabbits treated with Perflubron {i2 ml/kg); hatched
bar=lung lavaged rats treated with APF 175 A ((15 mi/kg) (from reference [3]).
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Summary and conclusions

The central role of the pulmonary surfactant system in the development and progression

of the acute respiratory distress syndrome (ARDS) is outtined in Chapter 1. In ARDS, a lack of
active surfactant leads to an increase in retractive forces in the lung resulting in alveolar
coilapse,
Mechanical ventilation is mandatory in this situation; however, it alveoli are not stabilized
during expiration repeated alveolar collapse will occur, and open lung units will be
overdistended when large tidal volumes are used in partially collapsed lungs. The pulmonary
surfactant system is vulnerable to damage by mechanical ventilation, especially in conditions
where its function is already compromised, such as in ARDS. An additional decrease in
surfactant function caused by mechanical ventilation can lead to progression of the syndrome;
that is why ARDS might be, in part, a product of our therapy - rather than the progression of the
underlying disease. A physiologic rationale for ventilation strategies that aim to prevent loss of
surfactant function is discussed, as well as the possibilities for substitution of the lost active
surfactant,

Chapter 2 presents a study which investigated whether prevention of end-expiratory
alveolar collapse by applying a high enough positive end-expiratory pressure (PEEP) during
initiation of ARDS could attenuate the decrease in pulmonary function. Puring surfactant
depletion by repeated Jung lavage in rats, end-expiratory alveolar collapse was prevented in one
group by mechanical ventilation with a PEEP of 15 cnH,0O (open lung group), and compared
with a group ventilated with a PEEP of 8 cmH,0 which did not prevent alveolar collapse
(ventilated control group). After surfactant depletion, ventilation was continued for 4 hours. It
was shown that application of the high PEEP prevents a decrease in gas exchange, attenuates the
deterioration in lung mechanics, and attenuates an increase in protein leakage, compared with
the ventilated control group. The attenuation of the decrease in lung mechanics in the open lung
group was attributed to the reduction in inhibition of the remaining pulmonary surfactant by
plasma proteins.

Mechanical ventilation with high PEEP, partial liquid ventilation and exogenous
surfactant therapy have been shown to improve oxygenation in animal models of acute lung

injury, and are therefore currently under investigation in clinical studies. In Chapter 3, these new
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treatment strategies were compared for their effect on gas exchange, lung mechanics, ung
injury, protein leakage, and the surfactant system. Following induction of acute respiratory
failure by repeated lung lavage during ventilation with a PEEP of 6 cmH,0, the rats were either
ventilated with a high PEEP that kept the lungs open, or received exogenous surfactant (120
mg/kg) followed by ventilation with unchanged ventilator settings, or received pertluorocarbon
{15 ml/kg) followed by ventilation with unchanged ventilator settings (partial liquid ventilation),
These three groups were compared with a control group that was ventilated with a low PEEP.
Although all three strategies improved oxygenation, only ventilation with high PEEP and
exogenous surfactant therapy prevented transfer of proteins into the alveoli, whereas partial
liquid ventilation did not. The conversion of active into non-active surfactant aggregates was
increased in the partial liquid ventilation group and the group ventilated with high PEEP, but
obviously not in the surfactant-treated group. Lung injury score was reduced in the partial liquid
ventilation group and the surfactant group compared with the groups that were ventilated only.
It was concluded that although all three strategies improved oxygenation to pre-lavage values,
their impact on pulmonary function differed markedly. Only exogenous surfactant therapy led
to an improvement in all measured parameters.

Using the same model as in Chapter 3, the difference in protein leakage into the alveoli
between the animals that were ventilated only with high or low PEEP in Chapter 3 was further
evaluated in Chapier 4. Because surfactant function is known to be inhibited by plasma proteins,
it was investigated whether the efficacy of exogenous surfactant in improving pulmonary
function, when administered after 4 hours of mechanical ventilation, could be enhanced by
application of high PEEP compared to a ventilated control group. Two groups of rats underwent
whole lung lavages to induce acute respiratory failure, followed by mechanical ventitation with
either a high or low PEEP for 4 hours. Then, both groups received an equal dose of exogenous
surfactant (120 mg/kg), after which ventilation with unchanged settings was continued for only
15 min in order to study the acute effects of surfactant administration. In the group that was
ventilated with high PEEP prior to surfactant administration, protein leakage was lower and lung
nechanics were better after surfactant administration than in the group that was ventilated with
conveniional ventilator settings. These results indicate that in the clinical seiting, where patients

with ARDS are usually ventilated before exogenous surfactant therapy, it is important to apply
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a ventilation strategy that does not increase protein leakage.

High frequency oscillatory ventilation (HFOV) applies a high mean airway pressure and
small pressure amplitude, and has previously been propagated as a safe ventilation technique to
recruit and stabilize collapsed alveoli when used as a “high lung volume strategy”. Chapter 5
presents a study in which exogenous surfactant therapy, which allows alveolar recruitment and
stabilization at lower airway pressures, was combined with either HFOV or conventional
mechanical ventilation (CMV), in lung-lavaged rabbits. Two additional groups were studied that
received HFOV or CMYV only. Oxygenation increased in both HFOV groups and also in the
CMV/surfactant group, but when mean airway pressures were decreased after 4 hours of
ventilation PaQ, decreased to post-lavage values in the HFOV group that did not receive
surfactant, but not in either of the surfactant-treated groups. In the surfactant-treated animals fess
fung injury was found than in the animals that were ventilated only. It is concluded that HFOV
recruits and stabilizes alveoli with a high mean airway pressure, whereas exogenous surfactant
therapy alfows reduction in mean airway pressure without the occurance of alveolar coilapse and
aggravation of lung injury.

Apart from enhancing gas exhange in ARDS by improving ventilation, there are
indications that it might be beneficial to alter pulmonary perfusion by nitric oxide (NO)
inhalation. NO is a gas that can be administred during mechanicat ventilation and results in a
selective pulmonary vascdifatation (i.c. only in acrated lung areas), thus reducing intrapulmonary
shunt. In clinical trials a considerable percentage of patients fails to respond to NO inhalation,
and it has been suggested that alveolar recruitment and stabilization prior to NO inhalation might
be beneficial, Three strategies that prevent end-expiratory alveolar collapse are exogenous
surfactant therapy, ventilation with an increased PEEP, and partial liquid ventiiation. In the
study described in Chapter 6, NO inhalation was started in lung-lavaged rabbits after initiation
of either ventilation with a PEEP of 10 cmH,0 or administration of exogenous surfactant (25
mg/kg). After the initial improvement in oxygenation that was obtained by exogenous surfactant
or ventilation with a PEEP of 10 cmH,0 alone, an additional increase in PaO; during NO
inhalation was seen only in the surfactant-treated group. Tn the control group that was ventilated
only with a PEEP of 6 cmH,0, NO inhalation did not improve oxygenation.

In Chapter 7 the combination of NO inhalation and alveolar recruitment and
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stabilization by perfluorocarbon instillation s described. Lung lavaged pigs were submitted to
partial liquid ventilation by administration of four incremental doses of 5 mltkg of
perfluorocarbon per dose. After each dose of perfluorocarbon, NO inhalation was started and
the effect on oxygenation was recorded. After each dose of perfluorocarbon there was an
increase in oxygenation, as well as an additional increase of Pa0; by NO inhalation. Also, at
each dose of perfluorocarbon, the maximal increase in oxygenation that was obtained with NO
inhalation was similar to the increase obtained with administration of the subsequent dose of
perfluorocarbon. Tt is concluded that alveolar recruitment and prevention of end-expiratory
alveolar collapse prior to NO inhalation improves effective delivery of NO and thereby enhances
its efficacy improve oxygenation. The lack of response to inhaled NO in the high PEEP group
was alfributed to mechanical compression of the pulmonary vessels, which did not allow
pulmonary vasodilatation.

In Chapter 8, the mechanisms involved in the improvement in pulmonary function by
partial liquid ventilation are investigated. Four perfluorocarbons with different physico-chemical
profiles were compared in lung-lavaged rats to study their efficacy in improving gas exchange
and lung mechanics, and their effect on protein leakage and the surfactant system. Although the
different preparations showed a range of responses, it was not possible to predict the efficacy
of a perfluoracarbon to improve pulmonary function during partial liquid ventilation based on
the physico-chemical properties alone.

In conclusion, the studies described in this thesis contribute to the general knowledge
on strategies that are currently under investigation for use in patients with acute lung
injury/ARDS. It is shown that recruitment of collapsed alveoli and prevention of repeated end-
expiratory alveolar collapse is beneficial in improving pulmonary function, whereas the strategy
used to achieve this is of secondary importance. The best results are obtained with exogenous
surfactant therapy, which allows ventijation with lower airway pressures. Without surfactant,
an open lung strategy with higher airway pressures can be applied that prevents further
deterioration of pulmonary function, especially when instituted in an early phase of respiratory
failure. Furthermore, prior recruitment and stabilization of collapsed lung units can improve the
efficacy of subsequent treatment with exogenous surfactant or inhaled nitric oxide. Future

studies are necessary to determine the exact role of these different treatment strategies in clinical
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use for patients with ARDS.
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Samenvatfing en conclusies

in Hoofdstuk | wordt de centrale rol van het pulmonale surfactant systeem bij het ontstaan en
beloop van het acute respiratory distress syndrome (ARDS) beschreven, Bij ARDS leidt een
tekort aan actief surfactant tot een toename van de retractive krachten in de long, hetgeen
resulteert in het collaberen van alveoli. In deze situatie is kunstmatige beademing absoluut
noodzakelijk. Echter, indien de alveoli in de uitademingsfase niet gestabiliseerd worden, zullen
ze iedere keer coflaberen. Daarbij kunnen de geopende longdelen overrekt worden indien grote
slagvolumes worden toegepast op de gedeeltelijk gecollabeerde longen. Het is bekend dat het
pulmonale surfactant systeem kwetsbaar is voor schade die kan ontstaan tijdens kunstmatige
beademing, vooral in situaties waar de surfactant functie al is aangedaan, zoals bij ARDS, Een
verdere verslechtering van de surfactant functie kan dan de progressie van dit syndroom
versnelien. Om die reden is het waarschijnlijk dat ARDS, in ieder geval gedeeltelijk, een gevolg
is van onze behandeling, in plaats van alicen een voortschrijding van het onderliggende
ziekteproces. De tysiologische achtergronden van beademingsstrategieén die als doel hebben
dit verdere verlies van surfactant-functie te voorkomen en mogelijkheden om verloren surfactant
te vervangen, worden in dit hoofdstuk besproken.

In Hoofdstuk 2 wordt een studie beschreven waarin werd onderzocht of preventie van
gind-expiratoire alveolaire collaps tijdens inductic van ARDS door toepassing van een
voldoende hoge positieve eind-expiratoire druk (PEEP) de versiechtering van de longfunctie kan
verminderen. In deze studie ondergingen ratten herhaalde long lavages om een surfactant
deficigntie te induceren en daarmee een acute respiratoire insufficientie. In deze studie werd
eind-expiratoire alveolaire collaps tijdens kunstmatige beademing in één groep voorkémen door
toepassing van een PEEP van 15 cmH;0 (open long groep). De resultaten werden vergeleken
met die van een groep die werd beademd met ecn PEEP van 8 cmlL O, hetgeen niet voldoende
is om alveolaire coliaps te voorkomen (beademde controle groep). Na surfactant depletie werd
beademing gecontinueerd gedurende vier uur. Toepassing van een hoge PEEP voorkwam
verslechtering van de gasuitwisseling, verminderde de achteruitgang van longmechanica en
verminderde de toename van eiwitlekkage, in vergelijking met de beademde controlegroep. De

verminderde achteruitgang van longmechanica in de open long groep was te wijten aan de
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afgenomen inactivatie van het resterende longsurfactant door plasma eiwitten,

Kunstmatige beademing met hoge PEEP, partiéle vloeistof beademing en exogene
surfactant therapie, verbeteren alle de oxygenatie in diermodellen met acuut longfalen en worden
momeniee! pedvalueerd in klinische studies. In Hoofdstuk 3 worden deze nieuwe
behandelingsstrategieén met elkaar vergeleken voor wat betreft het effect op gasuitwisseling,
longmechanica, longschade, eiwitlekkage en surfactant systeem. In deze studie werd bij ratten
acuut longfalen geinduceerd door herhaalde long lavages tijdens beademing met een PEEP van
6 cmH,;0. Hierna werden de dieren 6f beademd met een hoge PEEP die de longen open hield,
6f werden ze behandeld met exogeen surfactant (120 mg/kg), 6f met perfluorocarbon {15 mb/kg)
(pariiéle vioeistof beademing). Deze drie groepen werden vergeleken met een controfegroep die
werd beademd met een lage PEEP. Hoewel bij alle drie de strategiegn de oxygenatie verbeterde,
werd eiwitlekkage irn de alveoli alleen voorkomen door beademing met een hoge PEEP en
exogene surfactant therapie. Parti€le vioeistof beademing deed dit niet. De conversie van actieve
in niet-actieve surfactant aggregaten bleek verhoogd te zijn in de pastigle vloeistof
beademingsgroep en in de groep die werd beademd met een hoge PEEP, maar niet in de groep
die met exogeen surfactant was behandeld. In de partiéle vloeistof beademingsgroep en in de
surfactant groep werd minder longschade gevonden, vergeleken met de groepen die alleen
werden beademd. Wij concludeerden dat door de drie strategicén de oxygenatie verbeterde, maar
dat de invloed op de longfunctie nogal verschillend was. Alleen behandeling met exogeen
surfactant resulteerde in een verbetering van alle gemeten parameters,

Het verschil in eiwitlekkage naar de alveoli tussen de groepen die alleen werden
beademd met een hoge dan wel een lage PEEP, dat werd gevonden in de voorgaande studie,
werd verder onderzocht in Hoofdstuk 4. Het is bekend dat surfactant functie wordt geremd door
plasma eiwitten. Daarom werd onderzocht of de effectiviteit waarmee exogeen surfactant de
fongfunctie verbetert, kan worden vergroot door het surfactant toe te dienen na een periode van
kunstmatige beademing met een hoge PEEP. In twee groepen ratten werd acuut respiratoir falen
getnduceerd door long lavages, waarna één groep werd beademd met een hoge PEEP en een
tweede groep met een lage PEEP. Na vier uur werden beide groepen behandeld met een gelijke
dosis exogeen surfactant (120 mg/kg), waarna de beademing werd voortgezet gedurende 15

minuten om de acute effecten van surfactant toediening te onderzoeken. In de groep die v66r de
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surfactant toediening werd beademed met een hoge PEEP, werd na surfactant toediening minder
eiwitlekkage en betere longmechanica gevonden dan in de groep die met een lage PEEP werd
beademd. Deze resultaten impliceren dat in de kiinische situatie, waarin ARDS-patiéaten
meestal voorafgaand aan exogene surfactant toediening worden beademd, het van belang is dat
een beademingsstrategie wordt gebruikt die niet leidt tot een toename van eiwitlekkage.

Tijdens high frequency oscillatory ventilation (HFOV) wordt een hoge gemiddelde
beademingsdruk en een kleine drukamplitude gebraikt. Deze strategie is in het verleden
aangeprezen als een veilige beademingstechniek om gecollabeerde alveoli te rekruteren en te
stabiliseren indien HFOV wordt gebruikt als "hoog long volume strategic”. In Hoofdstuk 5 wordt
een studie beschreven waarin bij gelaveerde konijnen HFOV of conventionele mechanische
ventilatie (CMV) werd gecombineerd met toediening van exogeen surfactant. Hierdoor is
rekrutering en stabilisatie van alveoli met lagere beademingsdrukken mogelijk. Twee extra
groepen werden alleen beademd met HFOV of CMV. De oxygenatie verbeterde in beide HFOV
groepen en in de CMV/surfactant groep. Zodra na vier uur beademing de gemiddelde
beademingsdruk werd verlaagd, daalde de Pa0, naar dezelfde waarde als die van direct post-
lavage in de groep die alleen met HFOV werd beademd. Dit gebeurde niet in beide surfactant
groepen. In de groepen die met surfactant werden behandeld, werd minder longschade gevonden
dan bij de dieren die alleen beademd werden. Wij concludeerden dat HFOV alveoli rekruteert
en stabiliseert door toepassing van een hoge gemiddelde beademingsdruk, terwiji exogene
surfactant toediening een verlaging van de gemiddelde beademingsdruk toelaat, zonder dat de
alveoli opnieuw collaberen en longschade verergerd wordt.

Naast het verbeteren van de gasuitwisseling tijdens ARDS door het optimaliseren van
de ventilatie, zijn er aanwijzingen dat het gunstig kan zijn om de pulmonale perfusie te
veranderen met stikstof monoxide (NO) inhalatie. NO is een gas dat toegediend kan worden
tijdens kunstmatige beademing, hetgeen resulteert in een selectieve pulmonale vasodilatatie (i.e.
alleen in de geventileerde longdelen) en daardoor een afname van de intrapuimonale shunt. In
klinische stucties wordt vaak waargenomen dat een aanzienlijk percentage patiénten niet reageert
op NO inhalatie. Hierbij wordt gesuggereerd dat rekrutering en stabilisatie van alveoli
voorafgaand aan NO inhalatie gunstig zou zijn. Drie strategicén die eind-expiratoire alveolaire

coliaps voork6men, zijn exogene surfactant therapie, beademing met een hoge PEEP en partigle
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vloeistof beademing. In de studie beschreven in Hoofdstuk 6 werd gestart met NO inhalatie in
een groep gelaveerde konijnen beademd met een PEEP van 10 cmH,0 en in een groep waaraan
exogeen surfactant werd toegediend (25 mg/kg). Dit resulteerde in beide groepen in enige
alveolaire rekrutering, zonder dat de fongen volledig werden geopend. Na de initiéle toename
van de oxygenatie die werd verkregen door exogeen surfactant of beademing met een PEEP van
10 emH,0, werd alleen in de groep die met surfactant werd behandeld een additionele togname
van de Pa0; door NO inhalatie gezien, In de controlegroep, die alleen werd beademd met een
PEEP van 6 cmH,0, verbeterde NO de oxygenatie niet. In Hoofdstik 7 wordt de combinatie van
NQO inhalatie met alveolaire rekrutering en stabilisatie door toediening van perfluorocarbonen
beschreven. Bij varkens werd na long iavage begonnen met parti¢le vloeistof beademing door
toediening van vier opeenvolgende doses perfluorocarbon van 5 mi/kg per dosis. Na iedere dosis
perfluorocarbon werd gestart met NO inhalatie, waarna het effect op de oxygenatie werd
geregistreerd. De oxygenatie verbeterde na iedere dosis perfluorocarbon en na NO inhalatie, De
maximale toename van de oxygenatie door NO inhalatie was gelijk aan de toename in
oxygenatie door toediening van de volgende dosis perfluorocarbon. Rekrutering van
gecoilabeerde alveoli en preventie van eind-expiratoire collaps lijken de effectieve afgifte van
geinhaleerd NO te verbeteren, waardoor het effect op de oxygenatie groter is. In de met een hoge
PEEP beademde groep werd geen effect gezien van geinhaleerd NO. Dit wordt geweten aan
mechanische compressie van de pulmonale vaten, waardoor vasodifatatie niet meer mogelijk is.

In Hoofdstuk 8 werden tenslotte vier perfluorocarbonen met verschillende fysisch-
chemische eigenschappen vergeleken in een diermode! wat betreft effectiviteit in het verbeteren
van gasuitwisseling en longmechanica én het effect op eiwitlekkage en surfactant systeem.
Hoewel meerdere verschillen tussen de preparaten werden gevonden, bleek het niet mogelijk om
op basis van fysisch-chemische eigenschappen altéén de effectiviteit te voorspellen waarmee
pertluorocarbonen de longfunctie verbeteren tijdens parti€le vloeistof beademing.

De studies beschreven in dit proefschrift dragen bij aan de algemene kenois omtrent
beademingsstrategicén die momenteel worden gegvalueerd voor klinische toepassing bij
patiénten met acuut longfalen/ARDS. Aangetoond werd dat rekrutering van gecollabeerde
alveoli en het voorkomen van herhaaldelijk collaberen aan het eind van de expiratiefase gunstig

is voor de longfunctie, terwijl de strategie die hiervoor wordt gebruikt van ondergeschikt belang
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is. De beste resultaten worden behaald met exogene surfactant therapie, waarbij lagere
beademingsdrukken pgebruikt kunnen worden. Zonder surfactant kan een open long
beademingsstrategie worden toegepast die een verdere achteruitgang van de longfunctie
voorkontt, met name indien wordt begonnen in een vroege fase van longtalen. Tevens kan het
rekruteren en stabiliseren van gecollabeerde longdelen voorafgaand aan verdere behandeling met
exogeen surfactant en stikstof monoxide inhalatie de effectiviteit van deze toepassingen
verbeteren. Toekomstige studies zijn nodig om de exacte plaats van deze strategicén in de

behandeling van ARDS patignten te bepalen.
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