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Chapter |

Introduction
Historically, Kurt von Neergaard [1] was the first to suggest that surface tension plays
an important role in lung elasticity. He showed, in 1929, that the pressure necessary
for filling the lung with liquid was less than half the pressure necessary for filling the
lung with air, and concluded that two-thirds to three-fourths of the elasticity of the lung
was derived from interfacial forces [1]. The problem with his discovery was that this
paper was published in German and that, for 25 years, no scientists in the evolving field
really took note of this publication. In 1954, Macklin [2] described the presence of a
thin aqueous mucoid microfilm, formed from secretion of the granular pneumocytes,
on the pulmonary alveolar walls and which is in constant slow movement toward the
phagocytic pneumocytes and bronchioles. One year later, Pattle [3] noticed the
remarkable stability of foam and bubbles from lung edema and healthy lung cut. He
assumed that the walls of these bubbles consists of surface-active material which must
lower the surface tension to nearly zero. In 1957, Clements {4} was the first to prove
the direct evidence of surface active material in the lungs. He measured surface tension
of a surface film derived from the lung by using a Wilhelmy balance and demonstrated
that the surface tension was not a constant value;, when the surface was stretched the
tension was relatively high (40 dynes/cm), but when the surface area was decreased the
tension fell to 10 dynes/cm. He pointed out that such a reduction in surface tension
during deflation in the lung would tend to stabiiize the air spaces by permitting them
to remain open at low luag volumes. Two years later, Avery and Mead [5]
demonstrated that lung extracts of very small premature infants and infants dying with
hyaline membrane disease had much higher surface tension than normal lung extracts,
due to a deficiency in surface active material. This was the first step towards extensive
research on the surfactant system, and Fujiwara and colleagues, in 1980 [6], were the
first to treat premature babies suffering from respiratory insufficiency with exogenous
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), lying as a monolayer at the air-liquid interface in the lung [7,8]. Surfactant is
synthesized by the alveolar type II cells and secreted into alveolar spaces {7). The
surfactant lipids are lying in a thin aqueous film which coats the pulmonary alveolar
walls and small airways. At the surface of this aqueous film, the phospholipid-
molecules are lying as a monolayer and lower its surface tension; this reduce the
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Introduction

muscular effort necessary to breathe and prevents collapse of the alveoli at the end of
expiration [9].

Since 1980, more than 100,000 premature infants suffering from respiratory
distress syndrome (RDS) due to a surfactant deficiency are successfully treated with
exogenous surfactant almost without any side-effects [10,11]. Biochemical and
biophysical abnormalities of the pulmonary surfactant system is also seen in other
diseases such as the adult respiratory distress syndrome (ARDS) {9,12,13], infectious
lung disease [14] and after cardiopulmonary bypass surgery [15]. Furthermore, it could
be demonstrated that non-optimal ventilation may lead to disturbance of alveolar
surfactant {16].

However, only a few case reports and results of limited clinical pilot studies are
available, in which patients other than neonates with RDS are treated with exogenous
surfactant [17]. In this chapter, we describe the rationale for exogenous surfactant
therapy in the different lung diseases by reviewing experimental and clinical findings.

Funetion of the pulmonary surfactant
The normal physiological functions of the pulmonary surfactant system include:
1) Mechanical stabilization of lung alveoli.

The force required to open alveoli is determined by surface tension at the air-
liquid interface and by the radius of the terminal units of the lung in accordance with
the LaPlace law (P = 2y/r; P = pressure in the bubble, y = surface tension, r =
radius of the bubble). Pulmonary surfactant decreases the surface tension of the
interface and thereby allows normal breathing with the least possible effort.

During deflation of the lung, a static high surface tension would tend to promote
atveolar collapse. However, as alveolar size decreases, pulmonary surfactant ensures
that surface tension falls approximately to zero, Thus, at small alveolar volumes,
surface tension becomes a negligible force and thereby tends to promote alveolar
stability [18].

2) Stabilization of small airways.

Pulmonary surfactant also ensures stabilization of the peripheral airways and thus
its lack might cause airway obstruction or collapse of the small bronchioli with air
trapping [19]. Besides its role in mechanical stabilization, bronchial surfactant also has
a transport function for mucus and inhated particles [20]. Furthermore, bronchial
surfactant acts as an antiglue factor, preventing the development of large adhesive
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forces between mucus and the bronchial wall [21].
3) Protection against lung edema.

Another function of the pulmonary surfactant system is stabilization of the fluid
balance in the lung and protection against lung edema [22]. In general, the forces that
influence the circulation of liquid at the alveolar-capillary level in the lungs include:
plasma colloid osmotic pressure on one side and capillary hydrostatic pressure,
interstitial colloid osmotic pressure and alveolar surface tension on the other side
(Figure 1). This means that a surfactant deficiency will increase the surface tension at
the air-liquid interface and thereby the suction forces will increase, resulting in lung
edema (Figure 1),

4) Surfactant and local defense mechanism,

It has also been demonstrated that surfactant plays a role in the lung's defense
against infection [23]. Surfactant, and in particular SP-A, enhances the antibacterial and
antiviral defense of alveolar macrophages [23].

We have demonstrated that the pulmonary surfactant system may also be
involved in protecting the lung against its own mediators (e.g. angiotensin If) and in
protecting the cardiocirculatory system against mediators produced by the ung [24,25].

SCHEMATIC DIAGRAM __OF WATER BALANCE IN THE LUNG
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Figure 1. Simplified schematic diagram representing the factors influencing fluid batance in the lung (from

reference [28]).
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Functional changes due to a ‘disturbed’ surfactant system

Disturbance of the surfactant system can result from different factors. Damage to the
alveolo-capillary membrane leads to high-permeabitity edema with wash-out or dilution
of the surfactant and/or inactivation of the surfactant by plasma components, such as
fibrin(ogen), albumin, globulin and transferrin, hemoglobin and cell membrane lipids
[26]. These components are known to inhibit pulmonary surfactant function in a dose-
dependent way [26]. Furthermore, the pulmonary surfactant may also be disturbed by
the following mechanisms: breakdown of surfactant by lipases and proteases;
phospholipid 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 (o type II cells [16,26,27].

Diminished puimonary surfactant has far-reaching consequences for lung
function. Independent of the cause, decreased surfactant function will directly or
indirectly lead o [28]:

1. Decreased pulmonary compliance;
Decreased functional residual capacity (FRC);
Atelectasis and enlargement of the functional right-to-left shunt;
Decreased gas exchange and respiratory acidosis;
Hypoxemia with anaerobic metabolism and metabolic acidosis; and
Pulmonary edema with further inactivation of surfactant by plasma
constituents.

o v AW

Surfactant and ‘adult’ respiratory distress syndrome (ARDS)

In 1967 Ashbaugh and co-workers [29] described 12 adult patients with acute
respiratory failure which did not respond to usual therapy. The clinical and pathological
features were very similar to those seen in neonates with RDS, so the name Adult
Respiratory Distress Syndrome (ARDS) was introduced. ARDS has become a well-
recognized condition that can result from a number of different causes, e.g. sepsis,
polytrauma, aspiration, multiple organ faikure, burns, pneumonia, near-drowning, acute
pancreatitis and many others [30]. Despite diverse etiologies in ARDS, the common
pathological characteristic is increased alveolo-capillary permeability associated with
damage to the alveolar epithelium. The mechanisms responsible for the injury to the
alveolo-capillary membrane are complex and are still under discussion [31]. Active
roles have been attributed to neutrophils, basophils, macrophages, platelets, arachidonic
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acid metabolites, oxygen-derived free radicals, complement, proteases, interleukins,
serotonin, platelet activating factor (PAF), tumor necrosis factor (TNF), surfactant
inhibiting plasma-proteins, drugs, and many other substances [32]. But ali these
individual factors which can lead to a pulmonary edema do not, however, necessarily
lead to ARDS. Therefore, another system must be involved to explain the functional
changes as seen in ARDS, 1t is established that the capillary leakage combined with
damage to the alveolar epithelium leads to an immediate, or moderately slow, loss of
active surfactant by inactivation or depletion from the alveoli and small airways which
is, however, compensated by a release of stored surfactant from type II cells [26].
Thus, the progress of the disease depends on the balance between new production and
release of surfactant into the alveoli and its inactivation/loss from the alveoli and
airways. If the synthesis is reduced ¢.g. by influenza virus, hypoxia or hyperoxia, etc.,
an imbalance between new synthesis and demand will result, This wili finally lead to
a total loss of functional active surfactant, resulting in failure of the lung as a gas
exchange organ [28,33]. Thus in ARDS the surfactant deficiency is a complication of
lung injury rather than, as in neonatal RDS, a primary etiological factor. In spite
increased sophistication in methods of respiratory support, mortality associated with
ARDS currently remains between 48 and 75%, depending on the etiology [34,35].
Nowadays, it is more appropriate to speak about the Acute, rather than Adult,
Respiratory Distress Syndrome (ARDS), since ARDS is not limited to adults [36].

Analyses of lung surfactant recovered in BAL from patients with ARDS, or
from animal models of acute respiratory failure, demonstrate disturbances of the lung
surfactant system [37]. Reduction of surfactant activity is associated with increased
minimal surface tension of fung extracts or lung homogenates, and compositional
changes of surfactant and/or decreased surfactant content of the lungs [7,17,33].
Ashbaugh and colieagues [29] were the first to demonstrate decreased Iung compliance
and increased minimal surface tension in lung extracts from two ARDS patients, Since
then, several studies have demonstrated qualitative and quantitative changes of
surfactant in BAL fluid from ARDS patients [38-41]. Recently, Gregory and colleagues
{41] demonstrated that several of these alterations already occur in patients at risk of
developing ARDS, suggesting that these abnormalities of surfactant occur early in the
discase process.

The central role of surfactant deficiency can further be illustrated by recent
studies in animal models of ARDS which demonstrated that exogenous surfactant
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instillation dramaticatly improved blood gases and lung mechanics [2,42]. The models
of surfactant deficiency in which these improvements could be demonstrated include
acute respiratory failure due to in-vivo whole-lung lavage [43,44], neurogenic ARDS
[45], respiratory failure as a result of oxygen toxicity [46,47] or oxidant-producing
enzymes [48], acute respiratory failure after instillation of hydrochloric acid [49-51] or
plasma instillation {52], and respiratory failure after intoxication with N-nitroso-N-
methylurethane (NNNMU}) [53] or paraquat [54].

Evidently, it is rational to administer exogenous surfactant in ARDS patients,
but the question then arises why is this not yet a reality. Surfactant has been
commeicially available for neonates since 1987 [55]. Surfactant therapy in patients
other than neonates with RDS is almost impossible due to the fact that there is not
enough surfactant available and that current prices are too high (1 g of surfactant costs
about US$ 3,000-5,000) {55]. Therefore, only a few case-reports and pilot studies have
been performed up to now.

Lachmann et al. [56] treated a four-month-old boy with exogenous surfactant
who had aspirated baby-oil and developed acute respiratory failure. In this case, the
question was raised whether the detergent effect of the baby-oil could be overcome by
administering exogenous surfactant. Using a Wilhelmy balance, it was first
demonstrated that surfactant decreased surface tension despite the presence of baby-oil
(Figure 2). Therefore, a natural surfactant (250 mg/kg; 40 mg/ml) was instilled
intratracheally in this patient and arterial oxygenation was measured with an intra-
arterial PO, catheter. Figure 3 shows that arterial oxygenation improved from 150 to
300 mmHg within two hours, despite a decrease of the peak airway pressure, Richman
et al. [57] studied three adult patients with ARDS of different etiologies. These patients
were treated with 4 g of a natural surfactant (60 mg/kg), detivered bronchoscopically
in divided doses to each lobe. After surfactant instillation, arterial oxygenation
improved immediately in two patients, but sustained for only one hour. In the third
patient, arterial PO, improved over time and persisted throughout the observation
period (72 hours). No significant changes were seen in compliance or functional
residual capacity (FRC) in any of these patients. Joka and Obertacke [58] treated an 18-
year-old victim of a motorcycle accident with a post-traumatic ARDS. Directly after
exogenous surfactant instillation, PaQ, improved, whereas mean pulmonary arterial
pressure, FiQ, and alveolar protein leakage in BAL were decreased. The surfactant was
given in two doses (on days 9 and 13 after the accident), with a total concentration of
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Figure 2. Surface pressure (mN/m} vs. atea for baby-oil and baby-oil with surfactant, measured with a Withelmy
balance (from reference {56]).
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Figure 3. Effect of surfaclant on arterial oxygenation (PO, in mmHg) in a child who had aspirated baby-oil and
developed acute respiratory failure. PO, was measured continuously with an intra-arterial PO, catheter. The boy
was mechanical ventilated with pressure controlled ventilation, 100% oxygen (Fi0,=1.0), 70% inspiration time,
frequency 43/min, peak airway pressure (PAW) of 40 ¢m H,O and a PEEP of 5 cm H,0. After surfactant
instiltation, peak airway pressure (PAW) could first be reduced to 38 cm H,0 and 30 min later to 34 cm H,O
(from reference [56}).
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about 50 mg/kg body weight. Nosoka and co-workers [59] demonstrated improvement
in Pa0, and chest X-ray after multiple instillations of surfactant in two adult patients
with ARDS. The first patient received surfactant 20 times (240 mg each) during 38
days, whereas the second patient received three doses of surfactant (also 240 mg each)
on three consecutive days (antibodies to the natural surfactant were not detected in
either patient). Stubbig et al. [60] reported a case of surfactant therapy in a 21-year-old
man who developed ARDS after severe lung contusion due {0 a car accident. No
improvement occurred during conventional ventilatory treatment, including inverse-
ratio ventilation and high-frequency ventilation, Immediately after instillation of a
natural surfactant (on day 15 after the accident; 38 mg/kg), they observed the following
changes: deterioration of the pulmonary function probably due to crusts in the lung;
after aspiration of the crusts at bronchoscopy, there was a progressive improvement in
respiratory parameters. The PaO, and chest X-ray improved, whereas FiQ,, inspiration
time and PEEP level could be reduced. Marraro ef al. [61] treated two adolescents who
developed ARDS which appeared during ieukemia treatment with surfactant (patient
one, 60 mg/kg and patient two, 40 mg/kg). Arterial oxygenation improved within three
hours (patient ome: 60 to 350 mmHg; patient two: 160 to 300 mmHg) during
mechanical ventilation with 100% oxygen. Haslem and colleagues [62] treated four
aduit patients with Iate stage of ARDS with a single bolus of synthetic surfactant (75
mg/kg) and found no sustained clinical improvement. In contrast to the results of
Haslem and co-workers [62], Heikinheimo er al. [63] reported successful treatinent of
& 50-year-old patient suffering from ARDS with two doses of synthetic surfactant (total
amount 104 mg/kg), McBrien et al. [64] treated a nearly drowned 9-year-old boy with
synthetic surfactant. PaO,/Fi0, was increased from 57 to 293 mmHg while PIP was
reduced from 40 to 25 cm H,0O and the patient was discharged successfully from the
hospital two days later. Suzuki et al. [65] confirmed the rapid and dramatic effect of
surfactant therapy on lung compliance, oxygenation and ventilation in a 3-year-old boy
with refractory respiratory failure due to near-drowning. Knoch et al. {66] reported a
case of surfactant therapy in a 48-year-old patient who developed respiratory
insufficiency nine days after a bicycle accident, The ieft lung could not be ventilated
even after separate artificial ventilation of each lung, After administration of a bolus
of synthetic surfactant (50 mg/kg) and continued separate artificial ventilation on each
side, there was a complete re-expansion of the Ieft lang with an increase of arterial PO,
values from 65 to 416 mmHg within a few hours (FiO,=1.0). The results of first
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clinical studies of surfactant therapy in ARDS patients are described in the next
paragraph.

Surfactant and infectious lung diseases

Pneumonia is an important cause of respiratory failure and is associated with increased
alveolar permeability leading to pulmonary edema, hemorrhage and atelectasis [67,68].
The pathophysiological changes in pneumonia include hypoxemia, decreased functional
residual capacity (FRC), decreased total lung capacity (TLC), decreased lung
compliance, and a diminished surfactant system [14,68-70].

As far back as 1964, Suinick and Soloff [67] demonstrated that the surface
tension of BAL fluid from lung tissue with pneumonia was increased; they suggested
that the pulmonary surfactant became inactivated and was responsible for atelectasis.
It has since been demonstrated that the surfactant system is also impaired in bacterial
[14,70] and viral pneumonia [27], as well as in Pneumocystis carinii pneumonia
[71,72]. In bacterial pneumonia surface tension of BAL fluid is increased, whereas SP-
A content and total surfactant lipids are all significantly decreased [14]. In viral
pneumonia, Stinson ef af. [27] demonsirated that pulmonary surfactant activity is
decreased; these workers suggested that injury and destruction of type II pneumocytes
by the virus was the cause of reduced surfactant activity. Recently, two studies have
demonstrated surfactant abnormalities in HIV positive patients with Prewmocystis
carinii pneumonia {71,72]. In these patients qualitative and quantitative changes were
seen in the surfactant composition, as well as increased phospholipase A, activity [72].

Bacteria, bacterial toxins, viruses, phospholipases, and proteinases released
from inflammatory cells interact either directly with the surfactant film (Figure 4), or
damage the endothelial and epithelial cells leading to high permeabitity edema [14]. It
is well established that plasma proteins of the edema fluid inactivate the surfactant [26].
Due to the decreased surfactant activity, surface tension at the alveolar walls increases,
leading to increased suction forces across the alveolo-capillary membrane [22]. This
finally results in a vicious circle [13,73].

Evidence thus exists of a deficiency of active pulmonary surfactant in patients
with pneumonia and this would be the rationale for exogenous surfactant therapy. We
recently demonstrated the effectiveness of surfactant therapy in different animal models
suffering from viral pneumonia or Pretmocystis carinii pneumonia {74-76]. In viral
preumonia, tracheal administration of exogenous surfactant led to improved iung

-19-



Introduction

compliance and improved functional residual capacity (FRC) [74], as well as to
restoration of gas exchange [75]. Similarly in rats with Prewmocystis carinii
pneumonia, surfactant instillation led to an improvement in blood gases [76]. The
therapeutic dosage in all three experimental studies was 200 mg surfactant/kg. Song et
al. {77} recently confirmed the rapid effect of surfactant therapy (160 mg/kg) on
arterial oxygenation in rats with E.cofi pneumonia. These results show that there was
a shortage of functional alveolar surfactant in these animals with infected lungs.

Entercbacter Pseudomonas
724 724
€ E
L o
g 2 -
[= (=
g Ry
0 T T T 1 0 T T T 1
30 50 70 90 {%) 30 50 70 90({%)
Area Area

== = Surfactant + culture medium
- Surfactant + culture medium + bact.

Figure 4. Surface tension (dynesfen) vs. area for surfactant mixed with medivm compared with surfactant mixed
with medium and bacteria after incubation of 24 h. Surface tension is increased when surfactant is mixed with
a bacterium, The surface tension is measured with a Wilhelmy balance,

A few preliminary reports indicate that instillation of exogenous surfactant
might be efficacious in patients with infectious lung diseases. Lachmann {28} has
treated a four-year-old patient with a bacterial pneuvmonia and acute respiratory failure.
Surfactant was instilled three times in succession (150; 100; 50 mg/kg) and, after the
last dose of surfactant, gas exchange improved dramatically. Chest X-ray taken four
hours after surfactant instillation showed nearly ‘normal’ lungs. Buheitel ef al. [78]
reported exogenous surfactant therapy in two patients with acute respiratory failure due
to viral pneumonia. In the first patient, 5.5 months old, gas exchange improved
immediately after tracheal instillation of a natural surfactant (300 mg/kg) but was
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sustained only for three hours. A second dose was given (215 mp/kg) 12 hours after the
first one, arterial oxygenation improved slowly over time and after five weeks the boy
could be extubated and discharged in good health. The second patient was almost four
years old and was pressure-controlled ventitated as follows: peak airway pressure of
41 cm H,0, PEEP of 12 cm H,O, I/E ratic of 2:1 and FiO, of 0.95. Blood pressure
decreased several times before surfactant instillation, probably as a resuit of the high
ventilator pressures. After a natural surfactant (50 mg/kg) was instilied, arterial
oxygenation improved immediately and peak pressure could be reduced from 41 to 30
cm H,O. However, six hours after surfactant instittation the patient died, probably as
a result of cardiovascular failure. Putz ef al. {79] confirmed the successful treatment
of ARDS caused by viral pneumonia in a 3-year-old boy with a bolus of a natural
surfactant (200 mg/kg). Slater er al, [80] reported an infant with Prewmocystis carinii
pneumonia associated ARDS who failed to respond to standard therapy, including
corticosteroids, but improved dramatically with artificial surfactant (40 mg/kg).

Mikawa et al. [81] showed an improvement of oxygenation after selective
instillation of exogenous surfactant in a 71-year-old man who developed lobar bacterial
pneumonia and unsatisfactory oxygenation following abdominal surgery. On post-
operative day five, surfactant was instilled via a bronchofiberscope which enabled
deposition of a small amount of surfactant in the infected lobe only. This method of
instillation was probably chosen due to the prohibitive price of surfactant and the non-
availability of sufficiently farge amounts of surfactant for use in aduits. Immediately
after surfactant application, oxygenation increased; this improvement was not dramatic
but this may be atiributed to the low dose of surfactant (240 mg) given. One may
speculate that if surfactant had been administered to the whole right lung, the increase
in oxygenation would be more striking.

The reported experimental and clinical findings support the role of exogenous
surfactant therapy in bacterial, viral and Preumocytis carinii pneumonia. Pneumonia
and ARDS are closely associated. Not only is ARDS often complicated by nosocomial
infections, but infection can also lead to ARDS [82].

Althougl: these case-reports of surfactant therapy in ARDS and infectious lung
diseases showed that some patients had only a transient improvement after a single dose
of surfactant, beiter results are seen with higher or multiple surfaciant doses. This was
recently confirmed by two pilot studies [83,84). Gregory ef al. [83] studied four
different dosing strategies in 48 adults with ARDS and the results showed that
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maximum improvement in oxygenation, minimum ventilatory requirements, and the
lowest mortality rate were obfained by using four doses of 100 mg/kg of a natural
surfactant (total amount of 400 mg/kg). Walmrath and colleagues {84] reported an
impressive acute improvement of arterial oxygenation in response to bronchoscopic
application of a large quantity of natural surfactant (300 mg/kg) in 10 adult patients
with severe ARDS and sepsis. In half of their patients, a second dose (200 mg/kg) was
required within 24 h to achieve a prolonged effect on pas exchange. In contrast to these
results, Anzueto ef al. [85] demonstrated that administration of aerosolized artificial
surfactant had no effect on mortality and lung function in a multicenter, randomized
placebo-controlled trial in 725 patients with sepsis-induced ARDS. The authors
specuiated that one of the reasons for the lack of response could be that less than 25 mg
surfactant per kg body weight was actually delivered into the lungs due to the method
of administration, which is only one-sixteenth of the dosage used by Gregory and
colleagues [83].

Thus, the reason for lack of response or only transient improvement after
exogenous surfactant application in patients with ARDS has been attributed to the
inhibition of the instilled surfactant by plasma components filling the alveolar space
[26]. Therefore, the therapeutic goal must be to overcome the inhibitor capacity by
large amounts of exogenous surfactant. This implies 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 but only
that the concentration of the exogenous surfactant used is too low in relation to the
amount of surfactant inhibitors in the lung. We [86] have demonstrated in rats that
approximately 1 mg surfactant phospholipids is required to overcome the inhibitory
effect of 1 mg plasma proteins (see Chapter 5).

Surfactant and patients following cardiopulmonary by-pass

It has been seen that cardiopulmonary by-pass (CPBP) causes atelectasis, low
pulmonary compliance, decreased diffusing capacity, and puimonary hemorrhage [87].
Various explanations have been proposed including a loss or inhibition of surfactant.
do Campo and colleagues [15] measured the total phospholipid concentration of BAL
fluid of patients immediately after cardiac surgery with CPBP and found a significantly
lower concenfration of total phospolipids than in normal patients. Furthermore,
radiological pictures taken immediately post-operatively appeared similar to ARDS
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[88].

In this respect, the same investigators treated these patients with nebulised
exogenous surfactant and found improved arterial oxygenation [89]. The magnitude of
improvement was higher in the group treated with 30 mg/kg than in the group receiving
10 mg/kg. Striiber et ai. [90] reporied good result of surfactant therapy in a 38-year-old
patient with extensive coronary disease in whom reperfusion injury of the lung
developed after CPBP. Treatment was first started with inhaled nitric oxide at a
concentration of 30 ppm and arterial PO, increased from 50 to 160 mmHg with 100%
oxygen. However, lung compliance continued to drop and two days later, gas exchange
deteriorated in spite of nitric oxide inhalation. Then, a bolus of exogenous synthetic
surfactant was applied, resulting in an increase of compliance from 8 to 35 ml/mmilg
and gas exchange improved from 70 to 220 mmHg. Because lung function had
improved but heart failure remained, the patient was registered for heart
transplantation. Finally, the patient was discharged from the hospital with excellent
cardiopulmonary function.

Surfactant and asthmatic attack

In an asthmatic attack, increased mucus secretion, transudation of proteinaceous fluid
and mucociliary disturbance causes mucus plug formation [91]. Even 23 years ago,
Macklem and co-workers [19] concluded that the existence of bronchial surfactant is
a prerequisite for normal lung function and that disturbance of the bronchial surfactant
leads to airway obstruction and impaired bronchial clearance. It is tempting, therefore,
to speculate on the possible role of surfactant in reversing airway obstruction in asthma
attack [92]. Furthermore, it has been demonstrated that beta-adrenergic agents and
glucocorticoids, which are two of the most widely used medications for the treatment
of asthma, stimulate the release of surfactant and/or the production of surfactant
[93,94].

Liu e al. [95] showed that surfactant dysfunction developed in sensitized
guinea-pigs challenged with aerolized ovalbumin, Surface activity of BAL from
immunized, challenged animals was significantly reduced, but there was no change in
the concentration nor in the composition of the surfactant phospholipids. However, the
BAL fluid showed a substantial increase in the concentration of proteins, and that was
the likely reason for the increased surface tension. In addition, Liu ef al. [96] recently
reported that repeated challenges of immunized guinea-pigs resulted in decreased
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synthesis and storage of pulmonary surfactant in type II cells, Further, the possibility
that surfactant might play an important role in the pathogenesis of asthma was
substantiated first by Lachmann ef al. [97] and later confirmed by Liu ef al. [98] who
showed that the increase in airway resistance, following the challenge of immunized
guinea-pigs, was less prominent when surfactant had been instilled into the airway prior
to the challenge.

At this moment, human data are rare. Kurishima and co-workers {99] showed
in a pilot study of 11 patients that surfactant inhalation had a therapeutic effect in
asthmatic attack. Adult patients were assigned to either placebo (=saline) or surfactant
inhalation (1 ml; 10 mg/ml). After surfactant inhalation (by a hand jet nebulizer),
respiratory functions markedly improved; FVC, FEV, and Pa0, increased with 11.7
+1.3%,27.3+4.4% and 13.44+0.8%, respectively. However, Bambang Oetomo ef al.
[100] found that inhalation of 100 mg nebulized natural surfactant did not alter airflow
obstruction and bronchial responsiveness to histamine in 12 asthmatic children with
severe airflow obstruction. In that study [100] exogenous surfactant was applied during
a stable phase of the disease process and not during an asthuna attack, Lemarchand and
colleagues [101] found that the bronchial clearance of DTPA is only increased in
asthmatic patients during attacks but not increased in asthmatic patients with chronic
airflow limitation (i.e. stable phase), or asthmatics without airflow limitation but with
bronchial hyperresponsiveness to metacholine. Further, it was shown that the bronchial
clearance of DTPA decreased toward normal levels after recovery from the acute
attack. Kurashima ef al. [102] recently reported that in the acute phase of an asthma
attack minimal surface tension and (otal protein of airway fluid increased significantly
in these patients, and decreased again in the recovery phase of the attack. Further, these
authors demonstrated no difference in surface activity of sputum between patients with
stable asthina and healthy controis. In addition, it was shown that total phospholipids
of airway fluid increased significantly in the recovery phase of an attack, indicating an
increased secretion of surfactant from type II cells. In conclusion, these results suggest
that the many different facets of surfactant function in the airways need to be
considered in the interpretation of the pathogenesis of bronchial asthma.

Surfactant and artificial ventilation
Studies have shown that ventilator modes with large tidal volumes and high peak
inspiratory pressures during artificial ventilation affect the pulmonary surfactant system
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{16,103]. The exact mechanism by which the surfactant system is affected by artificial
ventilation is not yet entirely clear. One factor is 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 alveolar level causing the changes in surface tension
characteristics in the lung seen during or after prolonged periods of mechanical
ventitation [104].

During end-expiration the surfactant molecules covering the aiveolar epithelium
are compressed on the small alveolar area (leading to low surface tension or a high
surface pressure) thus preventing the alveoli from collapse [16]. 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 towards the airways. These
surfactant molecules are then 'lost’ for the alveoli and are eventually cleared from these
alveoli. During the following inflation of the alveoli, the surface is replenished with
surfactant molecules coming from the underlying hypophase where surfactant molecules
in micelles 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 (Figure 5) [16].

The amount of surfactant that must be produced and subsequently secreted by
the alveolar type II cells is proportional to the {oss of surface active molecules during
the breathing cycle. When production and secretion of new surfactant molecules keep
pace with consumption, no surfactant deficiency can occur, as in a normal healthy lung.

Thus, artificial ventilation should take place at a lung volume equal or higher
as the functional residual capacity level with the smallest possible volume and pressure
changes. Another factor that might be of some importance is that mechanical ventilation
especially in non-homogeneous lungs, creates severe shear forces between open and
closed airways and possible overstretch of the epithelium during the breathing cycle,
resulting in necrosis and desquamation of bronchiolar and alveolar epithelinm [105].
The overstretch of the intercellular junctions of the epithelium leads to an increased
permeability with the result of surfactant inhibition (as described earlier).
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Inspiration End-inspiration

W H0

Figure 5. (A) Balance between synthesis, release and consumption of surfaciant in the healthy lung, The pressure
values given represent the intrapulmonary pressure needed 1o 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 molecules squeezed ont during expiration (Exp.). (B) Imbalance between synthesis, release and
consumption of surfactant due to artificial ventilation. At the beginning of inspiration, there exists an apparent
deficiency of surfactant molecules but there is a respreading of molecules stored in the hypophase o the
surfactant layer. At the end of inspiration there is, in principle, enough surfactant on the surface. (C) With the
next expiration {Exp.), 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. Insp, =
inspiration (from reference [16}).
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Delivery techniques, timing, type of surfactant, and ventilatory support

The optimal method to deliver exogenous surfactant is not yet known. Possibilities
include aerosol delivery, continuous infusion, lung lavage or bolus administration. The
latter method has been used in most animal studies, clinical case reports, as well as in
neonates with RDS [9,11]. The advantage of this method of instillation is that it is rapid
and capable of delivering large quantities of surfactant that are necessary, especially in
ARDS, to overcome the inhibitory effects of the serum proteins present in the alveoli.
Van der Bleek et af. [106] also demonstrated that the distribution of endotracheal
instilled surfactant is more homogeneous after a large bolus than after a smaller one.
This could be confirmed by Segerer and colleagues [107] who demonstrated a
homogeneous pulmonary surfactant distribution after bolus instillation, whereas
distribution after slow tracheal infusion of exogenous surfactant was extremely uneven.
In this study, it was shown that the distribution of surfactant was closely related to its
effect on pulmonary gas exchange [107]. Results from studies in premature animals
showed that administration of surfactant directly after birth gives a more homogeneous
distribution than in animals ventilated before treatment [108]. Instiliation of surfactant
into lungs which are filled with intrapulmonary fluid could be compared with
instiliation of a very large bolus of surfactant in sick lungs. Thercfore, one may
speculate that one has (o fill up at least the total dead space of the lungs with sutfactant
suspension for a more even distribution. However, the disadvantage of bolus instiliation
technique is the relatively large amount of fluid which has to be instilled. However,
Gilliard et al. [109] demonstrated that the volume of fluid in which surfactant is
administered is rapidly absorbed; 30 minutes after surfactant instillation, there was no
significant difference between the lung weights of animals with lung injury receiving
5 ml and those of animals receiving 50 ml of surfactant suspension. Thus, studies in
which exogenous bolus instillation show heterogeneous distribution may be explained
by too small an amount of fluid of each single bolus [109-111}.

In addition, exogenous surfactant delivered as an aerosol has been investigated
[110,111]. The rationale was that by this method of instillation less volume of liquid
will be instilled into the lungs at one time and that the distribution will be more
homogeneous. In two different animal models, Lewis et al. [110,111] could
demonstrate that the distribution pattern was more homogeneous after aerosolized
surfactant administration. However, they found that tracheally instilled surfactant was
superior to aerosolized surfactant in improving blood gases, whereas there was no
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difference concerning improvement of lung mechanics. They suggested that ‘the low
quantities of aerosolized surfactant deposited in the lungs limited the physiological
responses’, In this study, only 6,1+2.2% of the total aerosolized surfactant was
recovered in the peripheral lung tissue whereas after bolus instillation 51+2% of the
instilled surfactant was recovered [111]. They concluded that: ‘a disadvantage of
aerosolized surfactant administration is the relatively long time period required to
administer significant quantitics of exogenous surfactant due fo the inefficiencies of
aerosol deposition’. Also, aerosolized surfactant could not be considered cost-effective
because large quantities of surfactant are required. Recently, the same group of
investigators also showed that it was impossible to improve gas exchange after
aerosolized surfactant in a non-uniform pattern of lung injury {112]. In this study the
less injured areas of the lung received relatively more surfactant than the severely
injured areas. They conclude that ‘one should be cautious in administering aerosolized
surfactant to patients with ARDS who have non-unifor infiltrates on chest radiograph’
but this a contradiction because ARDS lungs are always injured in a non-uniform way
[113].

An alternative approach to administer surfactant is by lung lavage, We [51]
have shown that lavaging the fung with a diluted surfactant suspension (3.3 mg/mi, 30
ml/kg) was as effective as high-bolus administration 200 mg/kg) to improve gas
exchange in a model of acid aspiration. In lung lavaged rabbits, Balaraman et al. [114]
demonstrated that the effectiveness of a synthetic surfactant, which has not been shown
to be highly effective in various animal models [115,116], was enhanced by
administering the surfactant by means of a lavage procedure compared to normal bolus
administration. Further, Enhorning [117] has suggested that saline lavage can also be
used to reduce the protein content intra-alveolar, which would be beneficial in the
treatment of ARDS. This idea has been investigated by Kobayashi ef al. [49] and these
workers demonstrated that a relative low dose of exogenous surfactant (75 mg/kg)
could only improve gas exchange after intra-alveolar edema was removed by lung
lavage with saline in rabbits with severe respiratory failure due to acid aspiration.
However, lung lavage with saline will also remove the endogenous surfactant, feading
to further deterioration of the pulmonary function [118). Therefore, we {119]
performed lavage with a dituted surfactant suspension prior to surfactant therapy and
showed that this combination was the optimal treatment regime compated to the
alterpatives in a model of severe respiratory failure (see Chapter 6).
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Anather important aspect of surfactant response is the time at which surfactant
is given, In a model of acid aspiration, we {50} showed that respiratory failure can be
prevented when exogenous surfactant was given before deterioration of lung function
(i.e. within 10 min after acid aspiration), whereas after development of respiratory
failure exogenous surfactant served oaly to prevent further deterioration of lung
function but did not restore gas exchange (see Chapler 4). In the model of repeated
saline lavage, Ito ef al. [120], and later confirmed by our group [119], demonstrated
that exogenous surfactant at an early stage of lung injury resulied in a sustained
improvement of lung function whereas lung function deteriorated when surfactant was
given at a relative late time point in lung injury, due to increased amount of proteins
(see also Chapter 6). Therefore, it is expected that early treatment of patients with
ARDS may require smaller amounts of exogenous surfactant and the outcome results
wiil probably be better.

Various surfactant preparations are already available on the market and have
been used successfully in worldwide clinical trials in neanates with RDS [9]. In hung
lavaged rats, we [121] compared eight clinically used surfaciants under standardized
conditions and confirmed previous results of several animal studies [115,116] and
studies in neonates with RS {122,123] that the natural surfactant preparations, which
contain the hydrophobic peptides SP-B and SP-C, are more effective in improving lung
function immediately after instiflation than the artificial surfactant preparations without
surfactant proteins. In the same study [121], we showed that the effect of surfactants
ORn oXygenation was, in general, dose-dependent and we found even marked differences
in response pattern between the natural surfactants, especially when PEEP was reduced
at the end of the study protocol (see Chaprer 3).

Several experimental studies have shown that ventilator pattern strongly
influences exogenous surfactant efficacy [124-129]. Recently, Froese ef al. {126] have
demonstrated that in lung lavaged rabbits the effect of exogenous surfactant on arterial
oxygenation remained stable only in combination with high-frequency oscillatory
ventilation (HFOV) at high-lung volume, whereas not with HFOV at low-lung volume
or conventional mechanical ventilation (CMV) at high or low lung volume. High-lung
volume means that lungs are actively opened (re-expanded) and then kept expanded by
using relative high mean airway pressures [128]. These resuits are in contrast to our
findings [129] in which surfactant therapy in combination with IIFOV was not superior
to CMYV in increasing lung function and/or reducing lung injury in lung lavaged rabbits
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(see Chapter 7). Further, it has been shown that HFOV has also a beneficial effect on
exogenous surfactant composition by reducing the conversion of exogenously
administered surfactant into small aggregates (non-active) forms {126]. This has been
attributed to the small alveolar volwme changes with HFOV. However, we have shown
in another study [130] that this can also be obtained with CMV by using smalf pressure
amplitudes and high end-expiratory pressures (see Chapter 8).

Contra-indications for exogenous surfactant therapy

From clinical experience, it has been shown that there are also contra-indications for
exogenous surfactant treatment. For example; exogenous surfactant was instilled in a
patient who got a virus pneumonia after near-drowning in sweet water and who was
ventilated for more than two weeks. However, immediately after surfactant instillation,
blood gases decreased and, after increasing mean airway pressure, blood gases
deteriorated still further. Considering these observations, it was concluded that the
lungs may be fibrotic and that the airways had been filled up with surfactant
suspension. The fact that the increase in mean airway pressure led to a further
deterioration may be explained by impairment of the capillary perfusion. After reducing
the mean airway pressure to levels lower than the pre-treatment period, at least the
same blood gas values were found. Unfortunately, a few hours later the patient died of
multi-organ failure. The autopsy showed almost totally fibrotic lungs. Thus, the few
parts of the lung in which some gas exchange took place were filled with exogenous
surfactant. This could be the reason why blood gases deteriorated after surfactant
therapy.

The rationale for giving surfactant is always to recruit collapsed alveoli and 1o
stabilise them with the applied ventilator settings. Before exogenous surfactant therapy
is applied, one therefore has to evaluate by lung function tests whether or not sufficient
parts of recrnitable lung areas are still available. Surfactant should thus not be given to
patients with heavily consolidated and/or fibrotic lungs in which surfactant could not
effectively improve lung function.

Conclusion

Results from these experimental and first clinical case reports show that the pulmonary
surfactant system is at least involved in other diseases than the neonatal RDS, such as
ARDS, pneumonia, etc. We conclude that after injury to the alveolo-capillary
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membrane, followed by capiltary leakage, the surfactant system will be responsible for
further pathophysiological changes (Figure 6) [131]. These well-documented functional
disturbances in the lung will finally result in the failure of the lung as a gas-exchange

organ.
| ALVEOLOTOXIC INSULT |
VIA AIRWAYS VIA BLOQD
DISTURBANCE OF THE BARRIER FUNCTION OF
. CAPILLARY ENDOTHELIUM AND ALVEOLAR EPITHELIUM
DAMAGE TO I

GRANULAR ‘/I PROTEIN-RICH EDEMA}\A
PNEUMOCY TES i

{TYPE 2 CELLS)| |[INACTIVATION OF LOSS OF SURFACTANT{ |DEPLETION BY
SURFACTANT BY INTO INTERSTITIUM FOAMING AND
SPECIFIC INHIBITORS| |AND BLOOD ART. VENTILATION
AND PLASMA WITH LARGE
COMPONENTS TIDAL VOLUMES

m——'-w—’{DECREASE OF ALVEOLAR AND BRONCHIAL SURFACTANT

COMPENSATION FOR THE
HIGH RETRACTIVE FORCES BY
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s
-
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Figure 6. Pathogenesis of ARDS with special reference to the surfactant system, including suggestions to

compensate for a damaged surfactant system. {from reference [131]).

Surfactant therapy seems a promising approach for the treatment of acute
respiratory failure in ARDS and ARDS-like syndromes. However, many questions
remain unanswered: for example, which patients should be treated (e.g. in extended
pulmonary fibrosis no effect can be expected after surfactant administration), when
should surfactant treatment start, which dosage and type of surfactant should be used,
the method of administration, the type of ventilatory support, and many others. Some
of these questions have been addressed in the following chapters.

Surfactant has been comumercially available for infants for about six years; if
one would apply only a dosage as used for neonates (100 mg surfactant/kg) in adult
patients, the amount of surfactant needed would be at least 7-1¢ g. At current prices,
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the costs of one treatment for one adult would then be US$ 30,000-50,000. So the price
of exogenous surfactant preparations has first to be lowered before exogenous
surfactant therapy in adulés can become a reality,
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Surfactant and lung mechanics

Summary

Objective: To study the immediate effects of exogenous surfactant therapy on blood
gases, lung volumes and lung mechanics in adult rabbits with experimentally induced
respiratory distress syndrome.

Design: Prospective randomised, controlled study.

Setting: Laboratory and animal facility of a large university.

Subjects: Twelve adult New Zealand white rabbits.

Interventions. Respiratory failure was induced by repeated bilateral whole-lung lavage
with saline (30 ml/kg body weight). After the last lavage, the animals were randomly
assigned to two groups. Group 1 received surfactant (120 mg/kg body weight) that was
suspended in a 0.6% sodium chloride solution. Group 2 received comparable volumes
of the same hypotonic solution and served as controls.

Measurements and main results: Before and after endotracheal surfactant instillation,
blood gases and functional residual capacity were measured, and lung mechanics from
tidal volumes and pressure-volume curves were calculated. Functional residual capacity
was measured with a computerized, multiple-breath, washin-washout method using
sulfur hexafluoride (SFy) as tracer gas. The pressure-volume curves were obtained by
an occlusion technique originally described for measuring static breath-by-breath
compliance. The technique was modified for present use and fully computerized.
Within 60 min after surfactant instillation, there was a marked improvement in PaQ,
(61+7 mmHg [8.240.9 kPa} to 4704-47 mmHg [62.6+6.2 kPa]) and in functional
residual capacity (7.6+1.4 to 17.7+1.6 ml/kg body weight) at unchanged ventilator
settings, The pressure-volume curves became steeper over time and the pressure-
volume curves for total lung volume were restored to an almost normal state. Maximum
compliance calcuiated from the pressure-volume curves increased by 92% but there was
no significant change in dynamic compliance. In the control group, no improvements
in any measured or calculated lung parameters were seen.

Conclusions: The findings indicate that during mechanical ventilation, the effects of
surfactant therapy on lung mechanics are best characterized by changes in functional
residual capacity and maximum compliance obtained from static pressure-volume
curves and not by dynamic compliance.
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Introduction

Patients with respiratory distress syndrome have impaired surfactant function; the
physioclogic abnormalities associated with respiratory distress syndrome may be related
to this diminished function {1]. Exogenous surfactant therapy should, therefore, result
in improved lung function, which has already been demonstrated by the improvement
of arterial oxygenation in clinical trials [2] with premature babies and a few studies
{3,4] on patients with adult respiratory distress syndrome. It seems reasonable to
assume that such improvement in gas exchange is caused by an immediate improvement
in lung volumes and lung mechanics. However, studies [5-8] in which respiratory
compliance was calculated from tidal volumes (dynamic compliance) during mechanical
ventilation in surfactant-treated infants did not show any immediate changes. These
seemingly paradoxical results may be explained by a surfactant-induced left-shift and
increase of the pressure-volume curve.

Thus, after exogenous surfactant therapy with unchanged positive end-expiratory
pressure levels and unchanged ventilatory settings, the lung would operate on the
upper, more flattened part of the pressure-volume curve. We investigated this
hypothesis by measuring blood gases and functional residual capacity, and by
calculating lung mechanics from tidal volumes and pressure-volume curves both before
and after endotracheal surfactant instillation in adult rabbits with acute respiratory
distress syndrome,

Materials and methods

Preparation of animals. This study was approved by the local Animal Committee at the
Erasmus University, Rotterdam, and the care and handling of the animals were in
accord with the European Community guidelines (86/609/EEG). In 12 adult New
Zealand white rabbits (CPB, Zeist, The Netherlands) (body weight 2.7+0.3 kg),
anesthesia was induced with sodium pentobarbital (50 mg/kg intravenously) and
maintained by intermittent intraperitoneal injection of the same drug (5 mg/kg/h). For
muscle relaxation, pancuroniuim bromide (0.3 mg/kg/h intramuscularly) was given.
After tracheostomy was performed, the animals were pressure-control ventilated by a
Servo Ventilator (900C, Siemens-Elema, Solna, Sweden) at the following settings:
frequency of 20 cycles/min; inspiratory/expiratory ratio of 1:2; FiO, of 1.0; peak
pressure of 9 to 12 cm H,O and zero end-expiratory pressure. The left carotid artery
was cannulated for continuous monitoring of arterial pressure and to aliow for blood
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sampling. Maintenance fluid consisted of 5 ml/kg/h of 2.5% glucose. Five millilitres
of sodium bicarbonate (0.8%) was given when base excess was <-5 mmol/l. Body
temperature was maintained within the normal range by means of a heating pad.

Lung lavage. Respiratory failure was induced by repeated lung lavage [9]. Each
lavage was performed with saline (30 mi/kg body weight) heated to 37 °C. During
lavage, tracheal pressure was measured and not allowed to increase to >40 cm H,O.
Lung lavage was repeated five to eight times at 5-min intervals until Pa0, was <80
mmHg (10.6 kPa) at a peak pressure of 26 cm H,0O and a positive end-expiratory
pressure {PEEP) of 6 cm H,0 with 100% oxygen; inspiratory-expiratory ratio and
freguency were not changed. The animals were randomly assigned to two groups 10
min after the last lavage. Group 1 (n=6) received surfactant 120 mg/kg body weight,
which was suspended in a 0.6% sodium chloride solution. Group 2 (n=6) received
comparable volumes of the same hypotonic solution (0.6% sodium chloride) and served
as controls. Immediately after disconnection from the ventilator, the animals received
via a syringe either 3 ml surfactant and 10 ml air per kg body weight, or 3 ml

" hypotonic solution and 10 ml air per kg body weight, Peak pressure was varied to keep
the PaCO, at 30 to 45 mmHg (4.0 to 6.0 kPa) but peak pressure was never increased
to >35 ¢cm H,0. PEEP was increased when Pa0, was <60 mmHg (< 8.0 kPa).

Surfactant. Natural surfactant was isolated from the lungs of recently slaughtered
cows, The lungs were minced and the tissue fragments were washed with normal
saline. The mixture of saline and tissue fragments was filtered, and the filtrate was
centrifuged to remove cell debris. The supernatant was then ultra-centrifuged to obtain
pellets of ‘crude’ surfactant. This ‘crude’ surfactant was extracted by the method of
Bligh-Dyer {10]. The chloroform phase was evaporated and suspended in acetone to
remove the neutral lipids. After cenirifugation, the petlet was suspended in water and
finally freeze-dried.

The surfactant consists of approximately 90 to 95% phospholipids and 1%
hydrophobic proteins (surfactant-protein B and C), with the remainder being other
lipids such as cholesterol, glyceride and free fatty acids. There is no surfactant-protein
A in this surfactant preparation. The freeze-dried preparation was resuspended in a
0.6% sodium chloride solution to a total concentration of 40 mg phospholipids/ml.

Measurements, Data were collected at the following times: before lavage at
PEEP of 0, 4, 6 and 8 ¢m H,O; 5 min after lavage; 5, 15 and 30 min afler surfactant
or hypotonic solution instiffation; and every 30 min for 3 h. At each data collection
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point, Pa0,, PaCO, base excess, pH, functional residual capacity and dynamic
compliance measurements were obtained. Pressure-volume curves were recorded before
and after lavage and at 15 min, 1, 2, and 3 b after surfactant or hypotonic solution
instillation. PaQ,, PaCO,, base excess and pH of the samples were measured by
conventional methods (ABL 330, Radiometer, Copenhagen, Denmark).

Functional residual capacity was measured using a computerized, multiple-
breath, washin-washout method, with sulfur hexafluoride (SF) as the tracer gas. The
method has been described previously for studies of functional residual capacity and gas
washout in adults, children and small neonates [11-13]. The components of the system
(Figure 1) included a computer (PDP 11/23, Digital Equipment, Maynard, Marlboro,
MA), a ventilator (Servo 900C, Siemens-Elema), clectromagnetic inspiratory and
expiratory auxiliary valve (360P0121, Neptune Research, Maplewood, NS), and
inspiratory and expiratory heated Fleisch pneumotachograph no. "00" (Gould,
Lausanne, Switzerland; lincarity flow range of 0 to 100 ml/sec) with differential
pressure transducers (MP 45-1-871, Validyne, Northridge, CA).

The tracer gas concentration was measured using an infrared analyser(Siemens)
[14]. The transducer of the analyser was placed over a cuvette with windows near the
T-piece in the expiratory part of the ventilatory tubings. Sulfur hexafluoride was
washed in until the alveolar concentration was about 1.5%. Sulfur hexafluoride washout
was continued until the concentration was <0.01%. Signals representing expired flow
and sulfur hexafluoride concentration were fed into the computer, which calculated
functional residual capacity as the value of sulfur hexafluoride washed out plus the
amount left in the lungs at the end of washout divided by the alveolar concentration at
the end of washin, The amount of suifur hexafluoride remaining in the lungs was
estimated, assuming that the final part of washout was monoexponential. The volume
of the tubing between the auxiliary valves, including the bar of the T-piece, was 0.8 ml.
All volumes were converted to body temperature and atmospheric pressure, completely
saturated with water vapour at body temperature, by multiplying by 1.09. Apparatus
dead space was subtracted from the obtained functional residual capacity values.
Duplicate measurements were made on each occasion.

Dynamic thorax-lung compliance (C, ) was calculated as tidal volume/(peak
pressure minus PEEP) at mechanical ventilation. Since the air flow at end-inspiration
and end- expiration are zero, peak pressure and PEEP were assumed to be the alveolar
pressure. The pressure-volume curves were obtained by an occlusion technique that was
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originally described for the purpose of measuring static breath-by-breath compliance
[15]). The technique was modified for present use and was fully computerized. After
switching to the pressure-volume system (Figure 1), which was done during a
prolonged inspiratory pause to prevent lung collapse, the lungs were inflated by a
syringe to an airway pressure of about 30 cm IL0. During the following deflation to
0 cm H,O (equat to functional residual capacity), the expiratory flow was interrupted
for 80 msec in a 160 msec cycle by a computer-governed electromagnetic occluder
placed close to the tracheal mbe. The airway pressure was measured at the end of each
occlusion. The computer integrated the flow signal and calcutated the volume expired
between occlusion. After completion of the manceuvre, the pressure-volume curve was
plotted by an X-Y writer (Hewlett-Packard, Palo Alto, CA) and the data were stored
on a computer disk. Total-lung-volume curves were also presented by the computer
using the measured functional residual capacity value to calculate the total lang volumes
at different airway pressures.

Static compliance (C,q.) was calculated from the pressure-volume curve above
functional residual capacity level by dividing the difference between the volumes at the
used peak pressure and PEEP. Compliance was also calculated from the pressure-
volume curve above functional residual capacity level by dividing the difference
between the volumes at pressures 10 (Cp0), 20 (Cppp) and 30 (Cy0) cm H,0O
respectively, and 0 cm H,O. Maximum compliance was defined as the steepest slope
of the pressure-volume curve. The specific compliance (Cg,.) was calculated by
dividing static compliance (C ) by functional residual capacity. The ung stability
index (L}, according to Gruenwald [16], was calculated from the pressure-volume
deflation curve as L= 2V, + V,,)/2V_, where V,, V; and V, are the volumes at 5,
10 and 30 cm H,0, respectively. Thoracic-lung compliance was also calculated for total
lung volumes (inclusive functional residual capacity) at pressures of 10 (Cypygon)s 20
(Crrvane) and 30 (Cyyyzo0) cm H,0.

Statistical analysis. Analysis of variances (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 multiple comparison
procedure). Statistical significance was accepted at p<0.05. All data are reported as
mean + SD.
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Figure 1. Schema of the functional residual capacity measurement sysiem {fop} and system for obtaining the
pressure-volume curves (botfum). V,, expiratory flow meter; V), inspiratory flow meter; P, pressure transducer;
SF,, sulfur hexafluoride; V, volume, SV 900C, Servo ventilator $00C.
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Results

In healthy animals, before the lavage procedure, dynamic compliance decreased when
PEEP was increased to >4 cm H,0 (Table 1). Lung volumes calculated from the
pressure-volume curves that were compared with volumes from the functional residual
capacity measurements of <8 cm H,0, showed a close correlation (12=0.99).

Table 1. Influence of different PEEP levels on PaO,, PaCQ,, functional residual capacity
(FRC), and dynamic compliance (C,,,} in healthy animals (n=12} (mean £ SD).

PEEP  (cm H,0)

0 -4 6 8
PO, (mmHg) 480432 506424 510+36 513420
(kPa) 64.0+4.3 67.543.2 68.0:+4.8 68.4+2.7
PaCO,  (mmHg) 3146 3348 3445 40+7
(kPa) 4.140.8 4.4%1.1 4.540.7 5.310.9
FRC  (ml/kg bw) 7.6+1.5 14.3+2.5 18.442.7 22.543.3
Coo  (mlkgbw)  2.1740.47 2.2440.54 2.0240.56 1.32::0.18

bw, body weight.

Animals were mechanically ventilated, pressure controlled, at a peak pressure of 10.4+ 1.7 cm H,0 (above
PEEP), a respiratory rate of 20 breaths/min, inspiratory-expiratory ratio of 1:2, and FiO, of 1. These ventilatory
settings were not altered by changing the PEEP levels,

In ail animals, lung lavage induced acute respiratory distress syndrome as
demonstrated by a decrease in the mean PaO, from 479432 mmHg (63.9+4.3 kPa)
to 61:+7 mmHg (8.2+0.9 kPa} (Figure 2). Functional residual capacity decreased by
66% compared with the same PEEP of 6 cm H,O before lung lavage (Figure 3),
Dynamic compliance and maximum compliance decreased by 43% and 47%,
respectively, compared with prelavage levels (Tables 2 and 3).
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Figure 2. Mean PaQ, before lavage (Py), postlavage (tinte 0), and after treatment with surfactant {solfd line, 120
mg/kg) and hypotenic solution {broken line}. The bar indicates the lavage procedure. There was a significant
(p<0.05) difference between surfactant-treated animals vs. controls. Compared with the postlavage values, there
was a significant difference (p<0.05) after surfactant instillation. Mean 1 SD values. P,, positive end-expiratoy
pressure of G cm H,0.
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Figure 3. Functional residual capacity before lavage (P, and P,), after lavage (time 0), and after treatment with
surfactant (solid line) and hypotonic solution (broken lfne). The bar indicates the lavage procedure. There was
# significant (p<0.05) difference between surfactant-treated animals vs. controls. Compared with the postlavage
values, there was a significant (p<0.05) difference at 15 min after surfactant instiltation until the end of the
experiment. Mean £ SD values, BW, body weight; P, , PEEP of 0 cm H,0; P, , PEEP of 6 cm H,0.
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After surfactant instillation, there was an immediate improvement in blood gases
(Figure 2) and functional residual capacity (Figure 3) but no significant improvement
in dynamic compliance, static compliance (C,;,) and specific compliance (Tables 2 and
3). Static compliance (C,,,) and specific compliance even decreased after surfactant
instillation (Table 3). However, the stability index from Gruenwald, calculated from the
deflation curve of the pressure-volune curve, static compliance at pressure 10 cm H,0
(Ce00)» and maximum compliance, showed significant improvement after surfactant
instillation and was also significantly different compared with the values of control
animals (Table 3). After surfactant instillation, the pressure-volume curves became
steeper over time and the total lung-volume curves were almost restored to the
prelavage shape, whereas in control animals, the pressure-volume curves and total lung-
volume curves became more flattened over time (Figure 4). Blood pressure was stable
during the observation period.
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Figure 4. Pressure-volume curves of absolute lung volumes (inclusive functional residual capacity) measured
before lavage (H), after lavage (L}, and 60 min after endotracheal instillation of surfactant (S) or kypotonic
solution (C}). Mean 4 SD values.
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In the control group, it was necessary to increase peak pressure and PEEP to
maintain sufficient gas exchange, whereas in the surfactant group, no changes in
ventilator seftings were necessary. In the control group, there was no improvement in
any measured or calculated lung mechanic parameter (Figures 2 and 3; Tables 2 and 3).

Table 2. Changes in PaCO, (mmHg), tidat volume (Vy), and dynamic compliance (C,,)
(mean + SD)

Time after treatment {min)

Pre Group Lav

5 30 60 0 120 150 180

PaC0C, 3134+ S 378+ 305+ 309+ 328+ 328+ 347+ 317+ 338+
3.6 2.7 325 200 2.3 2.9 3.7 3.4 09t

C 44.8+ 440+ 400+ 395+ 37.8+ 40.8% 445+ S51.8+
9.8 9.9 9.4 5.2 7.7 7.6 7.9 8.6
Ve 20,2+ S 215+ 251+ 247+ 240 237+ 246+ 247+ 24.6+
(ml) 3.5 2.5 2,5° 3.1° 2 24 2.2 1.5 1.5
C 240+ 237 25.8% 27.0% 247+ 242+ 227+ 2l.6%
4.5 4.3 32 2.5 2.8 3.6 32 42
Cayn 217+ 5 Lli+ 129+ [.29+ 1274+ 127+ L16+ 125+ 122+
0.42 0.15° 0.22 0.23 0.23 0.20 0.22 0.18 0.20

C 121+ 126+ 122+ 1.20& 1.20+ 1,18+ [.16+ 098+
0.28 0.22 0.24 0.39 0.39 0.22 0.24 0.22

*, p<0.05, surfactant {reated vs. control. ®, p<0.05, vs, postlavage values. Pre, prelavage. Lav, lavage. S,
surfactant treated animais. C, control group treated with 0.6% NaCl solution. Cyyns dynarmic compliance in ml/cm
H,0,
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Discussion

It is well known that surfactant function is impaired in respiratory distress syndrome
patients, and associated abnormalities may be related to this diminished function [1].
Therefore, exogenous surfactant therapy should result in improved lung expansion,
increased functional residual capacity and decreased shunt [17]. Benefits of these
changes include: 2) enhanced blood oxygenation at lower fractions of inspired oxygen;
b) avoidance of toxic levels of oxygen; c) use of lower PEEP with reduced cardio-
circulatory depression; and d) lower peak airway pressures with reduced barotrauma
[2,17]. The model used in this study indicates a condition similar to respiratory distress
syndrome by repeated bilateral whole-lung lavage with saline [9]. This model is widely
used for testing different ventilatory settings in respiratory distress syndrome and for
surfactant replacement therapy because it remains stable for hours and presents
histologic changes similar to those changes in respiratory distress syndrome [18-21].
In the present study, the ventilatory seitings were kept constant because we were only
interested in the effect of surfactant on lung mechanics; the influence of different
ventilatory settings in this model is already known [18].

The method of measuring functional residual capacity gives accurate and
reproducible results and does not require alteration of the breathing circuit or any
interruption of ventilatory support. Also, due to the small amount of tracer gas needed
(1.5% of sulfur hexafluoride), the method can be used at all inspired oxygen
concentrations. Modifications of the functional residual capacity measurement system
have been used in adults, children and neonates [11-13].

The method employed for measuring pressure-volume curves is adapted from an
occlusion techmique for static breath-by-breath compliance [14]. Although the occlusion
period, 80 msec, appears short, a well-defined pressure plateau at the end of each
occlusion was observed. Also, Carlo [22] found that pressure equilibrium was reached
within 50-100 msec after an occlusion in a rabbit mode! of healthy and surfactant-
depleted lungs. Another indication of the validity of the method is that increases in iung
volume from 0 cm H,O to the different levels of PEEP calculated from the pressure-
volume curves were almost equal to the increases in lung volume obtained by functional
residual capacity measurement (r*=0.99).

This study demonsirates that treatment with exogenous surfactant immediately
reverses hypoxemia and improves functional residual capacity, maximum compliance
and static compliance related to total lung volumes (Cy,). However, no significant
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improvement in dynamic compliance was found, These results confirm those of other
studies [5-8] in which there were significant improvements in oxygenation only, but no
improvement in dynamic compliance, directly after surfactant instillation in neonates
with respiratory distress syndrome. This discrepancy can be attributed to the increase
of functional residual capacity and the change of the shape of the pressure-volume curve
directly after surfactant instittation. The pressure-volume curve became steeper over
time, the increase of maximum compliance and static compliance at pressure 10 cm
H,0 (C, 4 are an expression of this shift (Table 3).

These two changes are best visualized by the total-lung-volume curves (Figure
4), which were almost restored to the healthy state after surfactant instillation. Thus,
mechanically ventilating the animals that had been pressure-controlled with a peak
pressure of 26 cm H,0 and a PEEP of 6 cm H,O meant that the animats were ventilated
at the upper, flatter part of the pressure-volume curve, resulting in a low value of
dynamic compliance. Therefore, if a lower PEEP and tidal volume had been used, the
lung would likely have operated on a steeper part of the pressure-volume curve after
surfactant therapy and the dynamic compliance would have been increased, This
possibility could explain the results of Davis and co-workers [6] who reported that
during spontaneous breathing, dynamic compliance increased after surfactant therapy.
In their stady [6], the infants may not have generated the same transpulmonary pressure
as in the mechanically ventilated group and were probably breathing on the steeper part
of the pressure-volume curve, This observation remains speculative because no data on
pressures {(peak pressure, PEEP, continuous positive airway pressure) were presenied.

Dynamic compliance was measured within the tidal volume at the used PEEP
level. Changes in both tidal volume and PEEP markedly influence the value of dynamic
compliance [23,24]. Schaffer and colleagues [24] showed that dynamic compliance
values obtained at >4 em H,O of PEEP are significantly less than those values obtained
with a lower PEEP. These results are confirmed in the present study (Table 1). Thus,
to compare values of dynamic compliance, it is essential fo keep tidal volume and PEEP
constant. However, since [ung function improves after surfactant treatment, PEEP is
usually decreased [2}. Therefore, it is difficult to interpret results from studies that have
shown an improvement in dynamic compliance 24 h after surfactant therapy in
mechanically ventilated neonates [5,7]. In these studies, the ventilatory settings were
changed and mean airway pressure was decreased. Moreover, in surfactant-treated vs.
nontreated groups, comparisons of dynamic compliance are not appropriate if tidal
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volume and PEEP levels are not considered.

We conclude that dynamic compliance and static compliance (C,,q,) do not
accurately reflect changes in lung function after surfactant replacement therapy in
surfactant-depleted, mechanically ventilated rabbits, and that the effects of surfactant
therapy on lung mechanics are best characterized by changes in functional residual
capacity and maximum compliance obtained from static pressure-volume curves.
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Summary

A variety of surfactant preparations has been evaluated in different clinical studies but
these differ too widely in their study design to allow conclusions about differences of
efficacy. Therefore, we compared six natural (Alveofact’, BLES, Curosurf’, Infasurf’,
Surfacten®, and Survanta™) and two synthetic (Alec™ and Exosurf) surfactant
preparations in-vivo under standardized conditions. Adult rats were anesthetized,
tracheotomized, paralysed and mechanically ventilated. Surfactant deficiency was
induced by repeated whole-tung lavage. Ten min later, the animals were randomly
divided and received one mi of a surfactant suspension or served as controls. For each
surfactant preparation, three different surfactant doses (25, 50 and 100 mg/kg) were
tested. After surfactant administration, ventilator settings were not changed for 2 h and
biood gases were measured, Afier 2 h, positive end-expiratory pressure (PEEP) and in
parallel peak inspiratory pressure (PIP) were twice reduced by steps of 2 cm H,0 (to
PIP/PEEP: 24/4 and 22/2 cm H,O, respectively) and the effect on blood gases was
studied. In the control group, arterial oxygenation did not improve and alf animals died
within the observation period due to hypoxemia, whereas the induced acute respiratory
failure reversed rapidly after all exogenous surfactants. The effect of exogenous
surfactant on arterial oxygenation was, in general, dose-dependent. The natural
surfactants were more effective in increasing arterial oxygenation to prelavage values
than the synthetic surfactants. However, the natural surfactants differed in efficacy to
maintain arterial oxygenation at prelavage values, especially when PEEP was reduced.
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Introduction

Both natural and synthetic surfactant preparations have been successfully used in
clinical trials in neonates suffering from respiratory distress syndrome (RDS), but
differences in efficacy were noted [1]. The natural surfactants, which are obtained by
organic solvent extraction of bovine or calf lung lavage (Alveofact’, BLES, and
Infasurf’) or minced bovine lungs (Surfacten” and Survanta™) or minced pig lungs
(Curosurf”), contain 1-2% of the surfactant proteins B and C, whereas the available
synthetic surfactants (Alec™ and Exosurf’) are protein free [2] (Table 1). From
experimental studies it is known that in contrast to the synthetic surfactants, the naturai
surfactants are characterized by rapid adsorption to the air-liquid interface, less
sensitivity to inactivation by serum proteins, and aimost immediate improvement of gas
exchange [3-6}. Tt is assumed that the presence of the surfactant proteins in the natural
sutfactant preparations accounts for these differences.

Data on direct comparison of surfactants are limited and mostly generated by
means of in-vitro tests [2]. It has been established that these in-vitro tests do not
accurately predict the performance of a surfactant in in-vivo conditions and, therefore,
pharmacological tests of surfactant preparations must be undertaken under well-
controlled experimental conditions [7]. In preterm lambs, Cummings and colleagues {4]
compared three clinically used surfactants and showed that arterial oxygenation
improved immediately after both natural surfactants (Survant:s\TM vs, Infasurf’) whereas
no improvement in gas exchange was observed after synthetic surfactant application
(Exosurf’). Based on the different amounts of surfactant given and different application
techniques used, this latter study does not, however, allow a firm conclusion about the
activity of the tested materials, In a rat model of surfactant deficiency, originally
described by Lachmann ef al. [7,8}, Hifuer and colleagues [6] compared three
clinically used surfactants (Alveofact’, Exosurf’ and Survanta™) under standardized
ventilator conditions. Furthermore, they kept volume, dose and mode of surfactant
administration constant, They confirmed that both natural surfactants (Alveofact” and
Survanta™) were more effective in improving gas exchange than the synthetic
surfactant (Exosurf’) and demonstrated that Survanta™ was superior to Alveofact’ to
maintain arterial oxygenation at prelavage values at the used ventilatory settings {6].

In the present study, we used the same surfactant deficiency model under well
standardized experimental conditions and evaluated eight surfactant preparations
(Alec™, Alveofact”, BLES, Curosurf’, Exosurf’, Infasurf , Surfacten’ and Survanta™)
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on the capability to improve gas exchange at a defined peak pressure and positive end-
expiratory pressure (PEEP) level.

Materials and methods

Preparation of animals: This study was approved by the local Animal Committee of
Erasmus University Rotterdam. Care and handling of the animals were in accord with
the European Community guidelines (86/609/EEG). The studies were performed in
male Sprague Dawley rats (n==162) with a body weight of 250430 g (Harlan CPB,
Zeist, The Netherlands). After induction of anaesthesia with nitrous oxide, oxygen and
halothane (66/33/1-2%), a polyethylene catheter (0.8 mm outer diameter) was inserted
into a carotid artery for drawing arterial blood samples. Before trachcotomy, the
animals received 40 mg/kg pentobarbital sodium, i.p. (Nembutal®; Algin, Maassluis,
The Netherlands) and the halothane concentration was decreased to 0.5-1%. After a
metal cannula was inserted into the trachea, muscle relaxation was induced by
pancuronium bromide 1.2 mg/kg, i.m. (Pavulon®; Organon Teknika, Boxtel, The
Netherlands) and the animals were immediately connected to the ventilator. Anesthesia
was maintained with hourly injections of pentobarbital sodium (40 mg/kg, i.p.) and
muscle relaxation was attained with hourly injections of pancuronium bromide (1.2
mg/kg, i.m.). Body temperature was kept within normal range by means of a heating
pad.

The animals were mechanically ventilated in parallel, 6 animals simultaneousty
(Figure 1), with a Servo Ventilator 900 C (Siemens-Elema, Solna, Sweden) in a
pressure-control mode, with the following ventilator setfings: frequency of 30
breaths/min, peak inspiratory pressure (PIP) of 12 cm H,O, positive end-expiratory
pressure (PEEP) of 2 cm H,0, inspiratory/expiratory ratio of 1:2, and 100% oxygen.
Initially, PIP was increased to 20 cm H,O for 1 min to recruit atelectatic areas. Next,
surfactant deficiency was induced by repeated whole-lung lavage as described by
Lachmann ef al. [8]. Each lavage was performed with saline (32 mi/kg) heated to 37
°C. Just before the first lavage, PIP and PEEP were clevated to 26 and 6 cm H,0,
respectively. Lung lavage was repeated 4-5 times with 5 min intervals to achieve a
Pa0, <85 mmHg (11.3 kPa). Within 10 min after the last lavage, the animals received
1 ml of a surfactant suspension or served as controls. There were two control groups:
in one group 1 ml of saline was instilled intratracheally in the same way as instillation
of surfactant, whereas the second control group received no treatment apart from
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mechanical ventilation. Table 1 shows the different natural and synthetic surfactant
preparations used in this study. For each surfactant, three different doses of each
surfactant (25, 50 and 100 mg surfactani per kg body weight) were tested in 6 animals
each. With Curosurf’, an additional group was tested at the clinically used dose (200
mg/kg). To achieve the required concentrations of surfactant, the surfactant
preparations were suspended with warm saline. Administration of the surfactant was
performed using a 10 ml syringe which contained 1 ml of a surfactant suspension and
7 ml air. After animals had been discommected from the ventilator, the sytinge was
connected to the tracheal cannula via a silicone tube and surfactant suspension was
administered first, followed directly by the administration of air, this was immediately
followed by re-connection of the animal to the ventilator (ventilator settings were not
changed and the supine position of the animals was not changed).

—
SERYO

) d <

VENTILATOR

s

Figure 1. Schema of the device for the simultaneous ventilation of several animals.
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In all animals, ventilator settings were not changed for 2 h and arterial blood
samples were taken at: 5, 30, 60, 90, 120 min after treatment. After 2 h, PEEP and in
parallel PIP were twice reduced by steps of 2 cm H,O (to PIP/PEEP: 24/4 and 22/2 cm
H,0, respectively) and arterial blood samples were taken at each PIP/PEEP level 5-10
min later. Pa0,, PaCO, and pH were measured by conventional methods (ABL 505,
Radiometer, Copenhagen, Denmark), At the end of each experiment, all animals were
killed with an overdose of pentobarbital sodium.

Statistical analysis: All data are expressed as mean £ standard deviation (SD).
Statistical analysis of the data was performed with analysis of variance (ANOVA) for
repeated time measurements by use of the General Linear Models (GLM) procedure of
the SAS statistical package {SAS Users Guide, 1990, SAS Institute Inc., Cary NC).
Tests performed were: (1) within a treatment group, the effect of time on changes in
Pa0, and PaCQ,, (2} with a surfactant preparation, the effect of doses on Pa0Q,, (3) the
difference in PaQ, values between groups, using both control groups as negative
controls. Tests were performed from t=0" to t=120" to evaluate dose-dependency and
overall differences between the groups. Within groups, tests were perforimed from t=0'
to t=35" to evaiuate the immediate response of the instilled surfactant, t=5" to t=120"
to evaluate stability of PaO, over time. To evaluate stability of PaO, after PEEP
reduction within groups in which PaQ, kept stable during the first 2 h, additional tests
were performed from t=120" to t=130" (=PIP/PEEF of 24/4 cm H,0) and t==120" to
t=140" (=PIP/PEEP of 22/2 em H,0). For evaluation of survival rates, the Kaplan-
Meier method (product-limit survival estimates) was performed. Statistical significance
was accepted at a p-value of <0.05.
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Table 1. Investigated surfactant preparations.

Preparation Producer Composition Phospho- Proteins Clinical
lipids" doses
(mg/kg)
Alec™ Britannia, Synth. DPPC
{=Pumactant) Redhili, and PG (7:3) 100% 0% 100
England
Alveofact’ Thomae, Lipid extract
=8F- Biberach, from bovi
(=SF-RI 1) iberac rom bovine 83% 1% 100
Germany lung lavage
BLES F. Possmayer, Lipid extract
iv, Western, fi 1f 1
Univ . estern rom calf lung 90% 1% 100
Ontario, lavage
USA
Curosurf'* Chiesi, Lipid extract
Parma, from minced 99% 1% 200
Italy porcine lungs
Exosurf® Burroughs- Synth. DPPC,
s hexadecanol,
Wellcome exadecano 84% 0% 67.5
New York, tyloxapol
USA
Infasurf’ Ony Inc., Lipid extract
=CLSE York, fi If 1
(=CLSE) New Yor rom calf lung 95% 1% 100
USA lavage
Surfacten’ Tokyo Tanabo, Lipid extract
=gurf; t-TA X inced
(=surfactan } | Tokyo fr(?m mince 84% 1% 100
Japan bovins fungs +
synth. DPPC
Survanta™ Abbott, Lipid extract
=B tant i den, fi i
(=Beractant) Wiesbaden r(?m miinced 34% 1% 100
Genmnany bovine lungs +
synth, DPPC

DPFC, dipalmitoyiphosphatidylcholine. PG, phosphatidylglycerol. Synth., synthetic. *, by weight.
#, Curosurf used in this study was provided by Drs. Curstedt and Robertson, Stockholm, Sweden.
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Results

Blood gas data before and directly after repeated lavage were comparabie for all groups
(Figures 2 A-H and Tables 2, 3). In both control groups, mean PaO, values did not
improve and all animals died within the 140 min observation period (Table 2). The
mortality rates in the control group which received 1 mli of saline was higher than the
control group which received no treatment apart from mechanical ventilation (Table 2).
Table 3 shows the number of deaths in the different treatment groups. Only in the
group treated with Curosurf® at a dose of 25 mg/kg, all animals died within the
observation period. In the remaining groups treated with surfactant, only a few animals
died during the study period and mostly in the groups which received the lower doses
of a surfactant (Table 3).

Table 2, Data on blood gases of the two control groups,

Variable Group Pre Lav 5 kil 60" 9 1200 24/4

PaQ, Saline 539420 S$3x17 445 48+19" 4048 " - - -
{(mmig)} Vent. 543+28 65£14 77x19 76x27" 56£13' §5+12  59x4 ™M

PaCQ, Saline  37+3 7316 8919 116237 129+38 - - -
(mmHg) Vent. 3443 65+6  65%12  66%]1 673 73+4 698 -

Vent,, the control group that received no treatment apart from mechanical ventilation; Pre, before lavage procedure;
Lav, lavage; 1, death of one animal; 24/4, PIP of 24 cm H,O and PEEP of 4 cm H,0. PIP, peak inspiratory

pressure; PEEP, positive end-expiratory pressure,

Mean Pa0O, values increased significantly within 5 min after surfactant
administration in almost all surfactant-treated groups, but not in the two groups treated
with both synthetic sutfactants at a dose of 25 mg/kg (Figures 2 A-H). Mean PaO,
values of all surfactant-treated groups were significantly higher compared with both
control groups (Figures 2 A-H and Table 2). The effect of surfactant on Pa0O, was dose-
dependent for Alveofact®, BLES, Curosurf®, Exosurf®, Infasurf®, and Surfacten®, but not
with the surfactants Alec™ and Survanta™. The natural surfactants behaved differently
compared with both synthetic surfactants. With the natural surfactants, mean PaO,
values increased immediately to prelavage values and remained stabie with the highest
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used dose and decreased, in general, with the lower doses (25 and 50 mg/kg) during
the subsequent 2 I with unchanged ventilator settings (Figure. 2 C-H). With both
synthetic surfactants, mean PaO, values increased to approximately 50% of the
prelavage values within 5 min and remained stable or siowly increased during the
subsequent 2 h (Figures 2 A ,B).

Clear differences in efficacy were noted between the six natural surfactants
tested (Alveofact’, BLES, Curosurf’, Infasurf’, Surfacten® and Survanta™). At a dose
of 25 mg/kg, mean PaO, values increased rapidly to prelavage values for the surfactants
BLES, Infasurf’, Surfacten’ and Survanta™ and remained stable for the subsequent 2
h only in the animals which got Survanta™. For the groups which received the
surfactants Alveofact’, BLES and Curosurf" at a dose of 25 mg/kg, mean PaQ, values
decreased even to postlavage values within 2 h (Figures 2 C-E). Comparisons based on
a dose of 50 mg/kg showed that mean PaO, values increased rapidly to prelavage values
for the surfactants Alveofact’, BLES, Infasurf’, Surfacten’ and Survanta™, and
remained stable with Surfacten” and Survanta™ but decreased significantly with the
other surfactants with unchanged ventilator settings. With the highest used dose (100
mg/kg), mean Pa0, values remained stable at prelavage values in the subsequent 2 h
with the surfactants Alveofact’, BLES, Infasurf’, Surfacten’ and Survanta™, whereas
dcreased significantly with Curosurf’. However, with Curosurf’, mean PaO, values
could be maintained at prelavage values for 2 h when the animals received a dose of
200 mg/kg (Figure 2 E). For the groups in which mean PaQ, values kept stable during
the first 2 h, mean PaO, values decreased significantly in the group treated with the
surfactant BLES at a dose of 100 mg/kg afier reduction of the PEEP level to 4 emH,0.
After further reduction of PEEP level to 2 cm H,0, mean PaO, values decreased
s@M&mﬂymﬂwgmwxCmmwﬁmadmaﬁZ%n@m&Smmmﬁamdmeﬁ
25 and 50 mg/kg and Survanta™ at a dose of 25, 50 and 100 mg/kg (Figures 2 E,G,H).

Mean PaCO, values of the different surfactant-treated groups are given in Table
3. Directly after the repeated lavage, mean PaCO, values increased significantly and
decreased, in general, after treatment with the exogenous surfactants (Table 3).
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Figure 2A,B, Mean change in Pa0, values (£SD) over time. Pre, prelavage; Lav, lavage; 24/4 PIP of 24 cm
H,0 and PEEP of 4 cm H,0; 22/2 PIP of 22 cm H,O and PEEP of 2 cm H,0; PIP, peak inspiratory pressure;
PEEP, posilive end-expiratory pressure. Dingonal striped bar: dose of 25 mg/kg; cross-hatched bar: dose of 50
mg/kg; horizontal striped bar: dose of 100 mg/kg; *, p< 0.05 vs. prelavage values. #, ps 0.05 vs. lavage values.
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Figure 2C,D. Mean change in PaQ, values (4 SD) over time, Pre, prefavage; Lav, lavage; 24/4 PIP of 24 ¢m
H,0 and PEEP of 4 em H,0; 22/2 PIP of 22 ¢cm H,0 and PEEP of 2 cim H,0; PIP, peak inspiratory pressure;
PEEP, positive end-expiratory pressure. Diagonal striped bar: dose of 25 mg/kg; cross-hatched bar: dose of 50
mg/kg; horizontal striped bar: dose of 100 mp/kg; #, p< 0.05 vs. prelavage values. #, p< 0.05 vs. lavage values.
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Figure 2E,F. Mean change in Pa0, values (1 SD) over time. Pre, prelavage; Lav, lavage; 24/4 PIP of 24 cm
H,O and PEEP of 4 cm H,0; 22/2 PIP of 22 cm H,0 and PEEP of 2 ¢m H,0; PIP, peak inspiratory pressure;
PEEP, positive end-expiratory pressure. Diagonal striped bar: dose of 25 mg/kg; cross-hatched bar: dose of 5¢
mg/kg; horizontal siriped bar: dose of 100 mg/kg; open bar: dose of 200 mg/kg. *, ps 0.05 vs. prelavage
values. #, p< 0.05 vs. lavage values
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Figure 2G,H. Mean change in Pa0, values (+5D) over time, Pre, prelavage; Lav, lavage; 24/4 PIP of 24 cm
H,O and PEEP of 4 ecm H,0; 22/2 PIP of 22 ¢cm H,0 and PEEP of 2 ¢cm H,0; PIP, peak inspiratory pressure;
PEEP, positive end-expiratory pressure, Diagonal striped bar: dose of 25 mgfkg; cross-haiched bar: dose of 50
mg/kg; horizontal striped bar: dose of 100 mg/kg. *, p< 0.05 vs. prelavage values, #, p< 0.05 vs. lavage values,
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Table 3. PaCQ, values (mean+SD) of all surfactant-treated groups.

Surfactant

Alec™

Alveofact®

BLES

Curosurf”

Exosurf’

Infasurf*

Surfacten®

Survania™

Dose
25
50
100
25
50
100
25
50
100
25
50
100

200
25
50

100
25
50
100
25
50
160
25
50
100

Pre Lav 5' 60' 120" 24/4 2212
34+6  T2+11 5946  S57T+I1t 60+9'  s8+1lt 88+34°
4543 8516 7045 72+12  67+147  68+18 72424
3445 70417 65419 61420 63+21 71434 744247
3842 6616 4943 58+9 73+15  B81+15™ 85412t
38+3 66+7  57+9 5347 4646 4347 44 %10
3943 63+10 5044 4617 43+3 4145 4448
38+4 7045 55£5 5948 65+8 67+107  Mt12?
3943 78+8 6146 55+6 55+% 54413 62420
3812 6717 4845 4444 4312 4043 41 +4
43+4 3149 7348 99+14'  95+15% 95 1t -1
3442 6619 5046 5449 56421 6446 861211
3442 7018 5446 4315 54110 5749 7349
407 83417 63413 4749 4848 4647 56+6
3245 73+5 7019 59412 59+14 66413 85417
36£3 67115 7i+[5  6l+12 56+7 5747 6647
3545 69+12  61+15  58+12 54411 50410 53110
4117 78+8 68411 6548 6147 62412 704317
37+4 127 5445 50+5 4845 4517 4244
4347 6910 67£9 5748 5647 4547 45+16
4344 78+5  62+4 5747 5247 5247 59+15
414 77£10 6444 5443 5243 50£5 5448
3745  74+i4  57T+13 53+10 49+11 44410 44412
37+4 65418 60+21  50+12 44+ 8 4047 S3£11
385 5148 4745 4618 38171 39438 4517
41+5  65+£12 63+16 5345 4847 45+5 58412

Pre, before lavage; Lav, lavage; 24/4, PIP of 24 em H,0 and PEEP of 4 cm H,0; 22/2, PIP of 22 ¢m H,0 and PEEP
of 2 cm H,0; PIP, peak inspiratory pressure; PEEP, positive end-expiratory pressure; Dose, mg surfactant per kg

body weight, f, death of one animal,
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Discussion

This is the first report of direct comparison of eight clinically used surfactants under
standardized conditions with respect to mechanical ventilation and surfactant
administration. Most in-vivo evaluations of puimonary surfactants have been performed
in the rabbit fetus model {9]. The reason for using the rat lavage model in the present
study and not the immature fetus model needs some considerations. Using the rabbit
fetus model, only the survival rate and compliance calculated from the tidal volume, can
be studied. We have shown that high values of dynamic compliance can be obtained by
a ‘pure’ detergent in premature rabbits [10]. The detergent had a low static surface
tension but was lacking the appropriate properties to stabilize surfactant-deficient alveoli
in the expiratory phase. This resulted in a high thorax-lung compliance because the lung
volume swings between inspiration and expiration are greater if the alveoli change from
the collapsed to the open state [10]. The alveolar stabilisation is, however, one of the
main functions of the native pulmonary surfactant system [11}. Normally, this
phenomena can only be recognised if lung volume measurements (functional residual
capacity) are performed, however, this technique is not yet available for routine clinical
use {12]. Another possibility to truly evaluate the efficacy of surfactant preparations is
to measure blood gases; they present the global function of the lung. That is why we
used the surfactant-deficient animal model in the present study which allows the
evaluation of arterial blood gases after exogenous surfactant therapy as an indicator of
the quality of surfactant preparations with regard to their capacity to stabilize alveoli
in the end-expiratory phase [8,13,14].

The results of this study show significant differences in activity between the
used surfactant preparations; the natural surfactants were more effective to improve
blood gases o prelavage values than both synthetic surfactants, and between the natural
surfactants differences in efficacy were detectable, especially after reduction of the
PEEP level. In both control groups, arterial oxygenation did not improve and all
animals died within the observation period due to insufficient gas exchange. It has been
reported that the combination of saline instillation and mechanical ventilation can harm
the lungs [15]. This was confirmed by the results of the present study in which the
mortality rate of the control group which received saline was higher compared to the
control group which received no treatment apart from mechanical ventilation (Table 2).

Recently, first clinical trials compared a natural with a synthetic surfactant
directly and showed a more rapid improvement in oxygenation and ventilation in the
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neonates with RDS which received the nataral surfactant [16,17]. It has been
established from in-vitro studies that surfactant proteins B and/or C are required for a
rapid adsorption of the phospholipids to the air-liquid interface [3]. Therefore, it is
assumed that the surfactant proteins B and/or C are essential for vniform spreading of
exogenous surfactant into the lungs {3]. In the present study, we did not measure
surfactant distribution in the langs, but an indirect proof of uniform alveolar deposition
of exogenous surfactant is the rapid improvement of PaQ, values to prelavage values
(Figures 2 C-H). In other words, all existing atelectasis which are responsible for the
observed hypoxemia at the used ventilator settings were recruited by exogenous
surfactant as indicated by the rapid improvement of arterial oxygenation. We found that
mean PaO, values increased to prelavage values within 5 min with all natural
surfactants, whereas mean PaO, values increased to only 50% of the prelavage values
with both synthetic surfactants. This means that the increased right-to-left shunt, as a
result of the repeated lung lavages, is reduced completely with the natural surfactants
at a PEEP of 6 cm H,0, indicating that the natural surfactants spread more uniformty
compared with both synthetic surfactants and that there was no difference in spreading
between the different natural surfactants tested,

Between both tested synthetic surfactants (Alec™ vs. Exosurf’) we found no
significant difference in blood gases at all three tested doses, despite the presence of a
detergent (tyloxapol) and an alcohol (hexadecanol) in Exosurf” used to improve the
spreading capacity of the phospholipid (Figures 2 A,B) [2]. In contrast to the results of
Cummings and coworkers [4], we showed that arterial oxygenation improved
significantly with Exosurf’, but this improvement was significant lower compared with
the natural surfactants (Figures 2 B-H).

Between the natural surfactants, marked differences in response pattern were
shown. A rapid and sustained improvement of arterial oxygenation to prelavage values
was achieved at the clinically used dose which is 200 mg/kg for Curosurf’ and ‘100
mg/kg for the other used natural surfactants [2]. Using the lower doses, the differences
in activity became pronounced. Evaluation of the different natural surfactants after
administration of a dose of 25 mg/kg showed that mean PaO, values remained stable
at prefavage values only with Survanta™ and decreased slowly over time with Infasurf
and Surfacten’ but dropped back to postlavage values with the surfactants Alveofact”,
BLES and Curosurf® within 2 h at unchanged ventilator settings. During the PEEP
reduction manoeuvre to 2 c¢m H,0O, mean PaO, values remained stable only in the
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groups which got Alveofact’, Infasurf” and Surfacten® at a dose of 100 mg/kg. Based
on the overall results, we conclude that Surfacten” was the best surfactant to improve
Tung function, in particular high blood gas values at low mean airway pressure, in fung-
lavaged rats under the applied ventilatory support.

Direct comparison of the surfactants Surfacten” and Survanta™ showed that
Surfacten® resulted in significantly higher blood gas values after the reduction of the
PEEP level, Survanta™ is, however, a modification of Surfacten’ with only small
differences in composition {2]. The major difference between both surfactants is that
Surfacten” is stored as a freeze-dried, white powder whereas Survanta™ is stored as a
ready-to-use suspension. Phospholipids are, however, very sensitive for autooxidation
which may lead to possible loss of in-vitro and in-vivo activity [18]. The storage of
exogenous surfactant as a powder is, therefore, beneficial over a suspension, but further
studies are needed to establish whether this could explain the difference in efficacy
between Survanta™ and Surfacten® at decreased level of PEEP.

Our results are consistent with previous studies on direct comparison of
exogenous surfactants and indicate that the rat lavage model in combination with the
used ventilator protocol can detect clear differences between natural and s mthetic
surfactant preparations, as well as between the natural surfactant preparations
themselves [4,6]. The results of the present study confirm that the efficacy of the
natural surfactants is superior to that of synthetic surfactants, Based on the blood gas
values obtained 5 min after surfactant administration, we assume that the immediate
spreading is homogenous with all natural surfactants whereas not with both synthetic
surfactants. Furthermore, there was no difference in immediate spreading between the
natural used surfactants. In this study, the various natural surfactants differed in
efficacy, especially when PEEP was reduced: Surfacten” was the best natural surfactant
to stabilize the lungs during the PEEP reduction manoceuvre.

Speculation

As known, a moderately active exogenous surfactant when combined with artificial
ventilation using high level of PEEP, can establish sufficient gas exchange in RDS
lungs. However, the optimal surfactant regime should include the use of the lowest
possible ventilatory support in order to decrease the risk of ventilator-induced lung
injury and therefore strongly supports the use of highly active surfactants. In addition,
the search for efficacious surfactant preparation has also an economic dimension and
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it is therefore important to explore ways of keeping the amounts of administered
surfactant as low as possible (which of course requires administration of surfactant at
an early time point in lung injury). Based on the results of this study in lung-lavaged
rats, if one could apply these results to the clinical situation, then the ranking in order
of preference would be: Surfacten” > Survanta™ > Infasurf > Alveofact” > BLES
> Curosurf” > Exosurf > Alec™.
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Summary

Because the surfactant system probably is involved in the pathophysiology of
respiratory failure caused by hydrochloric acid (HCl) aspiration, we investigated the
effects of different ventilation strategies and intratracheal surfactant instillation at
different time intervals on the course of pulmonary gas exchange after HCI aspiration
in rats. In this study rats were anesthetized, and mechanically ventilated via a
tracheostomy. Respiratory failure was induced by intratracheal instillation of 3 mi‘kg
0.1 N HCI1. Animals (n=49) were divided into nine groups: Groups 1 and 2 through
9 were ventilated with peak airway pressure/PEEP of 14/2 amd 26/6 cm H,0O,
respectively; Groups 3 and 4 received surfactant (200 mg/kg) intratracheally, 1 and 10
min after HCI aspiration; Groups 5 and 6 received saline, 1 and 10 min after HCI
aspiration; Groups 7 and 8 received surfactant, 60 and 90 min after IIC! aspiration;
Group 9 received saline instead of HCl. Gas exchange deteriorated in Groups 1, 2, 5,
6, 7 and 8, whereas respiratory failure could be prevented in Groups 3 and 4. After
deterioration of gas exchange, surfactant treatment prevented further decrease of PaQ,
values in Group 7, whereas no effect on gas exchange was observed in Group 8;
intratracheal instillation of saline had no effect on gas exchange (Group 9). These
resuits suggest that surfactant should be given as early as possible after aspiration of
gastric contents to prevent development of respiratory failure,
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Introduction

Massive aspiration of gasiric contents is one of the most feared complications of general
anesthesia and is an important cause of the adult respiratory distress syndrome (ARDS)
[1,2]. ARDS caused by aspiration of gastric contents is characterized by deterioration
of gas exchange requiring mechanical ventilation with high inspiratory oxygen
concentration, high insufflation pressure, and positive end-expiratory pressure (PEEP),
and is associated with a mortality rate of over 90% (2). Hydrochloric acid (HCI) causes
direct damage to the alveolo-capillary membrane, leading to influx of protein-rich
edema fluid into the alveolar space [3-6]. These plasma-derived proteins are known to
be potent inhibitors of surfactant function [7-12]. It has also been proposed that HCI
directly damages the surfactant system {4,13].

Because the surfactant system probably is involved in the pathophysiology of
respiratory failure caused by HCI aspiration, studies have been performed to investigate
the effect of surfactant replacement therapy on lung function of aninals suffering from
respiratory failure due to HCI aspiration. Kobayashi and colleagues [6] demonstrated
that surfactant institlation could only partly restore gas exchange in rabbits suffering
from respiratory failure due to HC! aspiration after lung edema was removed by
bronchoalveolar lavage; surfactant, when given without prior lung lavage, only
prevented further deterioration of blood gases. Lamm and colleagues [14] showed
improved lung recoil without improvement in gas exchange in rabbits receiving
surfactant 5 min after HCI aspiration.

The aim of this study was to investigate the effects of different ventilation
strategies and intratracheal surfactant instillation at different time intervals, on the
course of pulmonary gas exchange after HCI aspiration in rats.

Materials and methods

Exogenous surfactant: The 