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The gas-liquid interface of the lung is lined with a com-
plex mixture of phospholipids, neutral lipids, and specific
proteins, collectively known as pulmonary surfactant. Sur-
factant lowers surface tension in a manner directly related
to the radius of curvature of the alveoli. In doing so, it
reduces the work of breathing and stabilizes the lung,
allowing alveoli of different sizes to coexist.

The hallmark of the acute respiratory distress syndrome
(ARDS) is an increase in alveolocapillary permeability,
atelectasis, and a concomitant deterioration in lung com-
pliance and gas exchange. In 1967, ASHBAUGH et al. [1] first
showed that surfactant from ARDS patients had an in-
creased minimum surface tension. Since then, it has been
established that ARDS surfactant exhibits an increased
maximum surface tension [2], and a decreased surface ten-
sion hysteresis [3].

Surfactant from patients with acute lung injury (ALI;
patients with ARDS as well as those at risk) is deficient
in total phospholipid (PL), and contains proportionately
less phosphatidylcholine (PC) and phosphatidylglycerol
(PG) [2–7]. PISON et al. [3] found that in ALI patients the
surfactant PC/PL ratio correlated with surface tension hys-
teresis and was inversely related to a respiratory failure
score. Similarly, GREGORY et al. [2] noted that changes in
surfactant composition reflected disease severity. How-
ever, no study has specifically compared surfactant com-
position with parameters of lung function and respiratory

mechanics. If surface tension comprises 2/3 of lung ela-
stance [8], the inverse of compliance, it seems likely that
changes in respiratory mechanics in ALI patients will
reflect surfactant abnormalities.

To gain further insight into the significance of surfac-
tant status in patients with ALI, we have examined surfac-
tant composition in lung aspirate fluid (LAF) and related
it to blood oxygenation and respiratory mechanics. We
have also compared ALI composition with that in normal
bronchoalveolar lavage (BAL) fluid and LAF from
patients undergoing elective cardiac surgery (CS). Finally,
ALI is also associated with reduced levels of surfactant
protein-A (SP-A) [2, 7], and surfactant protein-B (SP-B)
[2]. However, paradoxically, we have recently reported
that circulating levels of SP-A and SP-B are increased in
ARDS and hydrostatic pulmonary oedema (HPE), in a
manner inver-sely related to both blood oxygenation and
static respiratory system compliance [9, 10]. In order to
investigate this quandary we have also compared SP-A
and -B levels in plasma and LAF fluid.

Methods

This study was approved by the Committee for Clinical
Investigation, Flinders Medical Centre (Permit Nos. 26/
93, 166/95, and 83/93). Informed consent was obtained
from the subjects or their closest relative.
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ABSTRACT: Pulmonary surfactant abnormalities have consistently been docu-
mented in patients with acute lung injury (ALI), however, there is little evidence
directly correlating them to altered respiratory mechanics. To explore this further,
surfactant composition was measured in lung aspirate fluid collected on 15 occasions
from 10 patients with ALI. The composition was compared with lung aspirate fluid
from 11 intubated patients prior to elective cardiac surgery (CS), and bronchoalveo-
lar lavage fluid from 16 normal subjects.

In both the ALI and cardiac groups the proportion of disaturated phospholipids
(DSP) and phosphatidylcholine was reduced. Plasma levels of surfactant proteins-A
and -B (SP-A and -B) were elevated, but were unrelated to alveolar surfactant levels.
In the ALI group, and the ALI + CS group, DSP, normalized to the total phospholipid
content, sphingomyelin (SPH), and urea, showed strong direct correlations with arte-
rial oxygen tension/inspiratory oxygen fraction (all pð0.01). In the ALI group, nor-
malized DSP was also directly related to the elastance of the positive end-expiratory
pressure-induced increase in the end-expiratory lung volume (all pð0.02), and indi-
rect correlations were found with a measure of lung overinflation (%E2; all pð0.01).

We conclude that surfactant composition correlates with lung function abnormali-
ties in acute lung injury and cardiac patients, and that both groups had elevated
plasma surfactant proteins-A and -B levels, consistent with a concurrent increase in
alveolocapillary permeability.
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Sample collection

Acute lung injury patients. Arterial blood and LAF were
obtained from 10 patients with ALI at ~07:00 h (table 1).
Their ventilator settings had been unchanged for a mini-
mum of 4 h prior to sampling. Studies were conducted
twice on patient 8, and three times on patients 9 and 10.
Plasma was prepared immediately after collection. Speci-
mens of LAF were collected in disposable aspirating tubes
(Luki, 8643-04, Davis and Geck, Wayne, NJ, USA) using
a sterile suction catheter gently passed until a sustained
resistance was obtained. Patients were manually hyperin-
flated (~1500 mL) with 6–8 breaths of 100% O2 during
this procedure. Samples were stored at -20°C for batch
analysis.

Cardiac surgery patients. Additional LAF with concomi-
tant blood for oxygenation and plasma was obtained from
11 patients immediately following intubation and ventila-
tion prior to CS. Matching respiratory mechanics data
were not available in these patients.

Normal subjects. BAL fluid was obtained from 16 healthy
volunteers. Briefly, a flexible fibreoptic bronchoscope was
introduced transnasally with the subject supine. The tip of
the bronchoscope was wedged in a right middle lobe seg-
mental bronchus and 4×20 mL volumes of saline at 37°C
instilled and withdrawn sequentially, as previously des-
cribed [11].

Mechanical ventilation and respiratory mechanics in ALI
patients

All ALI patients were sedated with infused morphine
and midazolam, and paralysed with pancuronium brom-
ide for the respiratory mechanics measurements. Patients
were ventilated using a Puritan-Bennett 7200ae ventilator
(Puritan-Bennett Corp., Carlsbad, CA, USA) with a tidal
volume (VT) of 8–10 mL·kg-1, a square wave inspiratory
flow (V 'I) pattern, and an inspiratory:expiratory ratio
exceeding 1:1. Flow was measured with a heated, Fleisch-
type pneumotachograph (HP-47034A; Hewlett-Packard,
Palo Alto, CA, USA) and transducer (21072A, Hewlett-
Packard), which had been calibrated over the range 0–300
L·min-1 with a flow calibration set (18987-1, Gould Go-
dard VB, Bilthoven, The Netherlands). The pneumotacho-
graph was connected between the y-piece of the ventilator
tubing and the endotracheal tube. Airway pressure (Paw)
was measured proximal to the endotracheal tube by a
precalibrated (water manometer) strain gauge transducer
(Bell and Howell 4-327-I, Trans-America Delaval, Pasa-
dena, CA, USA). Flow and Paw were recorded on a per-
sonal computer via a 12-bit analogue-to-digital converter
(DT2801, Data Translation Inc, Marlboro, MA, USA) at
100 Hz for later data analysis (ANADAT 5.1, RHT-Info-
DAT Inc, Montreal, Canada).

Following blood sampling, collection of LAF and 30
min of stable mechanical ventilation, dynamic volume-
pressure data were collected for 60 s. In turn, this was fol-
lowed by a prolonged expiration to the relaxation volume
of the respiratory system (0 cmH2O positive end-expira-
tory pressure (PEEP)). From the quotient of the expired
volume and the applied PEEP we calculated the static ela-

stance of the PEEP-induced increase in the end-expiratory
lung volume (E∆EELV). The dynamic respiratory system
elastance (Ers,dyn), and a measure of lung overinflation
(%E2) were calculated from the volume-pressure data as
described by KANO et al. [12]. Briefly, the dynamic vol-
ume-pressure data were fitted to a volume-dependent mo-
del of elastance where: Paw=(E1+E2V)V + Rrs V 'I+EEP,
where E1 is the volume-independent component of dyna-
mic elastance, E2V is the volume-dependent component,
V is volume, Rrs is the respiratory system resistance, EEP
is the end-expiratory pressure, and %E2=(100E2VT)/(E1+
E2VT). A %E2 >30% indicates lung overinflation [12].

Surfactant analysis

Surfactant analysis was performed in a blind randomi-
zed manner. Phospholipids were extracted from LAF by
the method of Bligh and Dyer [11]. Disaturated phosphol-
ipids (DSP) were separated by the method of Mason and
associates, and the phospholipid content determined by
measuring inorganic phosphorus by the Bartlett method
[11]. The phospholipid classes were separated by high-
performance liquid chromotography (HPLC) as describ-
ed by PISON et al. [13]. The HPLC system consisted of  two
pumps (model M-45, Waters Millipore, MA, USA), an
LKB autosampler (model 2157, Pharmacia, Uppsala,
Sweden) and mass detector (model 750/14, Applied Chro-
matography System, Cheshire, UK) coupled to a Delta
Chromotography Data System programme (Digital Solu-
tions, Margate, Australia) for gradient formation and peak
integration. The solvent system consisted of acetonitrile-
water (70:30; pH 6.0) (solvent A) and pure acetonitrile
(solvent B). A linear gradient from 87% solvent B to 25%
solvent B was formed between 5 and 25 min with a flow
rate of 2 mL·min-1 at room temperature. Either 20 µL of
lipid extract or phospholipid standard solution was in-
jected onto the column (µPorasil, Waters), then quantified
using the mass detector (70°C). Sphingosine (Sigma, St
Louis, MO, USA) was routinely included as an internal
standard. The data were normalized using PL, sphingo-
myelin (SPH), and urea. Surfactant protein-A and -B were
measured using enzyme-linked immunosorbent inhibi-
tion assays (ELISA), after first delipidating the samples
using a Tris buffer containing ethylenediamine tetraacetic
acid, sodium dodecyl sulphate and Triton X-100 [9, 10].

Statistics

The association between variables was performed with
Spearman's Rank order correlations since we have no rea-
son to assume a linear relationship holds between the
measured variables. Indeed, we have shown that plasma
SP-A and -B are not normally distributed [10]. Analysis
of variance was used to determine if there were intergroup
differences. For simplicity, values are expressed as mean±
SEM. Significance was accepted at the 5% level.

Results

Acute lung injury patients 

Physiological variables. The severity of illness of the ALI
patients is reflected in their physiological data, which
included an arterial oxygen tension (Pa,O2)/inspiratory
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oxygen fraction (FI,O2) of 149±14 mmHg while venti-
lated with 7.8±0.5 cmH2O PEEP, a Ers,dyn of 22.0±1.6
cmH2O·L-1 and a lung inflation ratio (%E2) of 29.6±4.2%
(table 1).

Surfactant phospholipid composition. The total phosphol-
ipid concentrations (µg·µL-1) were 148±16.9 for ALI LAF,
33.5±12.0 for CS LAF, and 36.3±2.1 for BAL fluid. The
major phospholipid in normal surfactant was PC, com-
prising ~68% of PL with ~49% DSP; however there was
relatively less PC and DSP in ALI surfactant (table 2).
ALI phospholipid contained proportionally less phos-
phatidylethanolamine (PE) and phosphatidylinositol (PI)
and relatively more SPH (table 2).

Correlation of surfactant with lung function. Irrespective
of whether DSP was normalized to PL, SPH, urea [14] or
LPC, DSP/PL, DSP/SPH, DSP/urea, and DSP/PLC were

directly related to Pa,O2/FI,O2 and E∆EELV, and indirectly
with %E2. Generally weaker relationships were found for
the other phospholipid components, however, no relation-
ship with Ers,dyn was observed. The SP-A/SPH and SP-B/
SPH ratios were directly related to Pa,O2/FI,O2; and SP-A/
SPH was inversely related to %E2 (table 3, and figs. 1 and
2).

Cardiac surgery patients

The surfactant composition of CS LAF was similar to
ALI LAF (table 2), but contained relatively more phospha-
tidylserine (PS) and lysophosphatidylcholine (LPC). When
the CS and ALI data were combined, direct relationships
with Pa,O2/FI,O2 persisted (DSP/PL rs=0.59, p=0.002; DSP/
SPH rs=0.59, p=0.002; DSP/urea rs=0.74, p=0.0003; SP-A/
SPH rs=0.40, p=0.04; and  SP-B/SPH  rs=0.66, p=0.0002). 

Table 1.  –  Characteristics of study patients

No. Day of MV Cause of ARF Pa,O2/FI,O2 Ers,dyn
cmH2O·L-1

%E2 E∆EELV
cmH2O·L-1

1
2
3
4
5
6
7
8

9

10

3
3
1
3
4
2
7
1
3
1
2
7
1
3
5

Ruptured AAA
Multiple trauma

Legionnaire's disease
Pancreatitis

Pulmonary embolus
Aspiration
Aspiration
Pneumonia

Aspiration

Liver transplant

246
228
66

245
145
129
102
140
116
82

112
121
157
180
162

24.3
28.7
25.4
21.9
16.1
24.4
23.5
28.0
36.5
15.6
21.2
12.0
16.1
17.1
20.2

3.7
38.5
49.6
-2.2
16.6
27.7
46.5
24.3
40.9
40.5
50.5
31.2
12.1
31.0
32.4

22.2
13.2
13.5
22.5
13.6
13.5
13.0
15.6
17.2
9.0
7.7
6.9

19.2
15.7
13.8

MV: mechanical ventilation; ARF: acute respiratory failure; Pa,O2/FI,O2: arterial oxygen tension/inspiratory oxygen
fraction; Ers,dyn: dynamic respiratory elastance; %E2: measure of lung inflation derived from dynamic volume/pres-
sure data [12]; E∆EELV: static elastance of the positive end-expiratory pressure-induced in the end-expiratory lung
volume; AAA: abdominal aortic aneurysm.

Table 2.  –  Phospholipid composition

Normal BAL
n=16

CS LAF
n=11

ALI LAF
n=15

Comparison

% DSP
% PC
% PG
% PI
% PE
% PS
% LPC
% SPH

DSP/SPH
PC/SPH
PG/SPH
PE/SPH
PI/SPH
PS/SPH
LPC/SPH

48.8±1.3
68.1±1.5
8.3±0.3

13.5±0.9
4.0±0.1
5.7±1.1
0.8±0.4
2.6±0.2

20.5±2.3
28.7±2.6
3.5±0.3
1.7±0.1
5.7±0.5
1.4±0.4
0.1±0.0

34.2±5.1
55.9±5.6
5.2±1.4

11.5±2.4
4.1±0.9

16.3±3.3
4.4±1.8
6.7±1.0

8.2±2.9
11.8±3.0
0.8±0.2
0.6±0.1
2.1±0.8
2.5±0.4
0.6±0.4

27.3±2.8
57.5±2.9

9.3±2.4
6.0±0.8

12.1±1.0
7.1±1.0
1.1±0.4
7.7±1.0

5.2±0.9
9.4±1.2
1.6±0.6
2.1±0.3
1.1±0.2
1.0±0.1
0.1±0.0

e, f
c

a, e
d, e
d, f
a

e, f

e, f
e, f
e, f
d

e, f
d

Data are mean±SEM, and represent either a percentage of the total phospholipid or the ratio of phospholi-
pid to sphingomyelin (SPH) in bronchoalveolar lavage (BAL) or lung aspirate fluid (LAF). CS: cardiac
surgery; ALI: acute lung injury; DSP: disaturated phospholipid; PC: phosphatidylcholine; PE: phosphati-
dylethanolamine; PG: phosphatidyglycerol; PI: phosphatidylinositol; PS: phosphatidylserine; LPC: lyso-
phosphatidylcholine. Differences between the groups were determined using analysis of variance and
Tukeys highly significant difference test. ALI LAF versus CS LAF, a: p<0.05, d: p<0.01. ALI LAF versus
normal BAL, b: p<0.05, e: p<0.01. CS LAF versus normal BAL, c: p<0.05, f: p<0.01.
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Table 3.  –  Correlation (rs) of pulmonary surfactant with arterial oxygenation and respiratory medicine

Pa,O2/FI,O2
a Ers,dynb

cmH2O·L-1

%E2
c E∆EELVd

cmH2O·L-1

p-value

% DSP
% PC
% PE
% PG
% PI
% PS
% LPC
% SPH
DSP/SPH
PC/SPH
PE/SPH
PG/SPH
PI/SPH
PS/SPH
LPC/SPH
DSP/urea
DSP/LPC
PC/LPC
PG/PI
SP-A/SPH
SP-B/SPH
SP-A/PL
SP-B/PL

0.75
0.33
0.48

-0.23
0.52

-0.29
-0.52
-0.75
0.79
0.69
0.80
0.01
0.64
0.28

-0.06
0.67
0.87
0.67

-0.42
0.61
0.71
0.44
0.38

-0.18
-0.14
0.18
0.07
0.44

-0.26
-0.26
-0.35
0.07
0.17
0.21
0.33
0.47
0.10

-0.38
0.17
0.13
0.27

-0.09
0.04
0.09
0.38
0.34

-0.76
-0.37
-0.40
0.08

-0.14
0.50
0.32
0.59

-0.74
-0.61
-0.63
0.06

-0.36
-0.16
0.14

-0.62
-0.71
-0.52
0.22

-0.55
-0.49
-0.29
-0.18

0.70
0.32
0.45

-0.25
0.55

-0.56
-0.53
-0.67
0.76
0.63
0.64
0.00
0.62
0.06

-0.27
0.65
0.87
0.70

-0.48
0.36
0.48
0.43
0.37

a0.001, bNS, c0.001, d0.04
aNS, bNS, cNS, dNS
aNS, bNS, cNS, dNS
aNS, bNS, cNS, dNS
a0.046, bNS, cNS, d0.03
aNS, bNS, cNS, d0.03
a0.046, bNS, cNS, d0.04
a0.001, bNS, c0.02, d0.006
a0.0005, bNS, c0.002, d0.001
a0.004, bNS, c0.02, d0.01
a0.0003, bNS, c0.01, d0.01
aNS, bNS, cNS, dNS
a0.01, bNS, cNS, d0.01
aNS, bNS, cNS, dNS
aNS, bNS, cNS, dNS

a0.009, bNS, c0.01, d0.02
a0.00002, bNS, c0.001, d0.00002
a0.009, bNS, cNS, d0.005
aNS, bNS, cNS, dNS

a0.01, bNS, c0.03, dNS
a0.003, bNS, cNS, dNS
aNS, bNS, cNS, dNS
aNS, bNS, cNS, dNS

Correlation of normalized surfactant data with oxygenation or respiratory mechanics using Spearman rank order correlations. Initial
surfactant data are expressed as a percentage of total phospholipid (PL; %), and disaturated phospholipid (DSP)/urea represents DSP
normalized to plasma and surfactant urea concentrations [14]. SP-A, SP-B: surfactant protein-A and -B. For further definitions see leg-
end to table 2.
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Fig. 1.  –  Relationship between the ratio of disaturated phospholipids (DSP) to total phospholipid (PL) and a) the quotient of arterial oxygen tension
(Pa,O2) with the inspiratory oxygen fraction (FI,O2) concentration; b) the dynamic respiratory system elastance (Ers,dyn); c) lung inflation (%E2); and d)
the static elastance of the positive end-expiratory pressure-induced increase in the end-expiratory lung volume (E∆EELV) in ventilated patients with
acute lung injury.
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When the CS cohort alone was analysed, similar relation-
ships emerged, at least with regards to DSP (DSP/PL
rs=0.57, p=0.07; DSP/SPH rs=0.60, p=0.05; DSP/urea
rs=0.60, p=0.05).

Plasma surfactant proteins

Plasma SP-A and -B were markedly elevated in the ALI
patients compared with those in normal subjects and ven-
tilated patients with no cardiorespiratory disease [9, 10],
and were 759±70 and 7174±1631 µg·mL-1 respectively.
The CS patients had SP-A and -B levels of 994±123 and
4181±178 µg·mL-1 respectively, similar to those found in
the ALI patients. However, in both groups, the plasma lev-
els of SP-A and -B were not related to their LAF sur-
factant levels, or to those of any of the phospholipids.

Discussion

Alveolar surfactant is essential for normal lung func-
tion, reducing surface tension and promoting alveolar
stability. It has generally been accepted that impairment
of surfactant function results in atelectasis, hypoxaemia,
and decreased lung compliance, descriptive of the patho-
physiology in ALI. We now report a correlation between
oxygenation, respiratory mechanics, and pulmonary sur-
factant composition.

Respiratory mechanics in ALI patients

Respiratory system elastance, the inverse of compli-
ance, is elevated in patients with ALI. Elastance may be
elevated by an increase in the stiffness of the lung tissue
itself, or by a reduction in the amount of lung being venti-
lated. In ALI, both factors appear to contribute. Comput-
ed tomography scans show collapse of dependent lung,
while nondependent lung is more normally aerated, and
GATTINONI and coworkers [15] have argued that this is due to
a generalized increase in lung weight secondary to oed-
ema and inflammation. Since global measures of
elastance (Ers,dyn in the current study) are strongly influ-
enced by aerated lung size, the failure to find a relation-
ship with the pulmonary surfactant state was not
unexpected. How- ever, if surface tension normally con-
tributes 2/3 of lung elastance [8], surfactant abnormalities
must play a role through both abnormal elastance of venti-
lated lung, and through promotion of alveolar collapse. It
is noteworthy that we did find strong relationships with
%E2 and E∆EELV; variables that would be expected to bet-
ter reflect the non-uniform respiratory mechanics present
in our pa-tients. Finally, the presence of type III procolla-
gen peptide in BAL fluid three days after the onset of
ARDS [16], and in pulmonary oedema fluid on day 1
[17], suggests that fibrosing alveolitis will also contribute
to early increases in respiratory elastance.

In addition to %E2, we calculated the E∆EELV in an
attempt to further quantitate the heterogeneous mechanics
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Fig. 2.  –  Relationship between the ratio of disaturated phospholipids (DSP) to sphingomyelin (SPH) and a) the quotient of arterial oxygen tension
(Pa,O2) with the inspiratory oxygen fraction (FI,O2) concentration; b) the dynamic respiratory system elastance (Ers,dyn); c) lung inflation (%E2); and d)
the static elastance of the positive end-expiratory pressure-induced increase in the end-expiratory lung volume (E∆EELV) in ventilated patients with
acute lung injury.



306 A.D. BERSTEN ET AL.

present in ALI. In healthy lung, the E∆EELV would be ex-
pected to be high since it would contain minimal collaps-
ed lung, whereas in severe ALI where there is a greater
mass of lung available for recruitment, a relatively lower
elastance would consequently be expected. A large mass
of collapsed lung, and consequently a small mass of venti-
lated lung, would generally be associated with a high %E2.
Of course, this would be influenced by the applied PEEP
and the delivered VT, and must reflect the pattern of venti-
lation used in the current study. However, while in-creased
levels of PEEP generally recruited collapsed lung, there
was usually an increase in %E2 suggesting that re-cruit-
ment and overinflation occurred concurrently. Given the
small range of applied PEEP (5–10 cmH2O) and VT (8–10
mL·kg-1), we feel that the conditions under which %E2 was
measured are similar, thus allowing comparison of
patients.

Surfactant sampling

Pulmonary surfactant may be sampled by whole lung
lavage, BAL, tracheal aspiration or aspiration of lower
lung fluid. A temporary aggravation of hypoxaemia pre-
cludes BAL in the most severely hypoxaemic patients, and
nondiagnostic sampling of BAL fluid in sedated pati-ents,
posed local ethical problems. Consequently, we sampled
LAF from ALI and CS patients, and BAL from healthy,
awake subjects.

We adopted a technique similar to that of MATTHAY and
coworkers [17, 18], who have sampled pulmonary oedema
fluid by blindly wedging a suction catheter and aspira-
ting lung fluid from patients with ALI and HPE. The pres-
ence of a linear relationship between DSP and SP-A and
-B in our LAF (data not shown) strongly suggests that
this method of sampling reflects surfactant composition.
BERNHARD et al. [19] also found that conducting airway fluid
reflected alveolar surfactant composition. Numerous other
investigators have used aspirated fluid to examine sur-
factant composition in neonates [20–22], children [23]
and adults [24] with respiratory failure, and noted that the
relative surfactant composition is similar to that obtained
from BAL. For example, LEVINE et al. [23] reported a PC/
SPH value of 41.8±10.6 in their control fluid, little differ-
ent from our BAL data (28.7±2.6) and some four times
greater than that in our ALI LAF (9.4±1.2), suggesting
that sampling differences do not explain why our ALI data
differ from normal.

A further inherent problem, regardless of the method of
harvesting, is determining whether all the material is truly
associated with surfactant. Possibly included is material
from the airways and extraneous material from the alveo-
lar compartment. Also, it is impossible to determine the
absolute amounts of surfactant present in the alveolus on
the basis of partial lung BAL. Recovery is variably affec-
ted by numerous factors including the surface area lav-
aged, the amount of saline recovered, the duration over
which the saline was instilled, and the efficacy of the
washing. Despite having performed ~200 BAL on normal
subjects over the last few years, we have found [11] that
clearance of saline varies enormously even between the
normal subjects. However, since we routinely find direct
relationships between the concentration of SP-A, DSP
and cholesterol in the BAL fluid [11], we suggest that the

percentage of components of surfactant recovered from
the lavages is relatively consistent [11, 25]. Therefore, we
have expressed our results as percentages of total phos-
pholipid, or in relation to DSP, the hallmark of surfactant.

Sphingomyelin is the most commonly used denomina-
tor in surfactant research, particularly in the assessment of
foetal lung maturity [26]. However, since SPH may not be
a component of surfactant, possibly originating from dam-
aged membranes [27], normalizing the data to SPH may
only secondarily and fortuitously reflect total surfactant
status. We have therefore also normalized our data to total
PL and the nonsurfactant component, urea. Data normal-
ized to PL may better reflect the balance of type II cell
production and metabolism of surfactant, while urea is a
freely diffusible molecule with the ratio of alveolar-to-
plasma urea used to compensate for dilutional differences
between specimens [14]. It is noteworthy that the DSP
data remained significantly correlated with lung function
independent of which normalizing method was used. Fur-
thermore, when combined with the CS group these corre-
lations were maintained, indicating robust data.

Surfactant composition and lung function in patients with
ALI

The disaturated phospholipids are generally regarded as
the principal functional components of surfactant, where-
as SP-A and -B are essential for surface absorption and
homeostasis. Importantly, we found that the ratios DSP/
SPH, DSP/PL, DSP/urea and DSP/LPC were related di-
rectly to blood oxygenation and E∆EELV, and indirectly to
%E2 in our ALI patients.

Since the SPH/PL ratio was related indirectly to oxy-
genation and E∆EELV and directly to %E2, these relation-
ships cannot be explained by changes in SPH or PL alone.
For example, with increasing blood oxygenation the direct
relationship with DSP/SPH could arise through either rel-
ative increases in DSP, or decreases in SPH. Similarly,
with increasing blood oxygenation the direct relationship
with DSP/PL could arise through either relative increases
in DSP, or decreases in PL. However, the relative decre-
ases in PL or SPH alone are incompatible with the inverse
relationship between SPH/PL and blood oxygenation. The
critical inverse relationship between SPH/PL and blood
oxygenation indicates that, in this example, better oxygen-
ation is associated with proportionately higher levels of
DSP, than decreases in either PL or SPH, a finding further
supported by normalizing DSP to urea. By extension, the
same rationale holds true for the other relationships des-
cribed.

Phospholipase A2 degrades PC, and generates LPC as
its first product. Phospholipase A2 activity has been as-
sociated with impaired lung function [28], and may be
induced by an increased load of reactive oxygen species.
Lysophosphatidylcholine is a detergent-like molecule which
directly interferes with the surface properties of surfactant
[29], and is also toxic to the epithelium [30]. The finding
that the DSP/LPC and PC/LPC ratios directly correlated
with Pa,O2/FI,O2 and E∆EELV, and indirectly with %E2 in
our ALI patients is consistent with increased catabolism
of PC and a concomitant drop in the PC/LPC ratio, lead-
ing to a deterioration in respiratory function.
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PISON et al. [7] have reported that ALI is associated with
reduced SP-A levels in BAL fluid, and, GREGORY et al.   [2]
have reported that SP-B is also reduced. However, GUNTHER

et al. [6] have recently disputed this. Whatever the case,
both groups note that whereas ARDS is associated with
decreased PL, the SP-A/PL ratio in their patients was no
different. Possibly consistent with this, we found that SP-
A/PL and SP-B/PL were not related to lung function.

Surfactant proteins in plasma

We have previously reported that blood levels of SP-A
and SP-B are elevated in patients with ALI, and correlate
with the severity of the respiratory dysfunction [9, 10]. It
seems likely that this phenomenon reflects an increase in
alveolocapillary permeability rather than an increase in
their lung content, as there was no relationship between
the plasma levels of these proteins and surfactant compo-
sition. If the increased plasma levels of SP-A and -B
merely reflected increased levels of the proteins in the
alveolus, such relationships may have been anticipated.
Moreover, in agreement with PISON et al. [7] and GREGORY et
al. [2], our normalized surfactant SP-A and -B levels were
reduced in ALI, in contrast with the plasma levels. We
conclude that elevated plasma SP-A and -B reflect
changes in lung permeability rather than changes in alveo-
lar levels. Surprisingly, plasma SP-A and -B were also ele-
vated in the CS group.

Cardiac surgery patients

Although we predicted that CS surfactant would act as
a suitable control, its composition was clearly aberrant
and indeed not dissimilar to that from our ALI patients.
Moreover, whereas the DSP/PL, DSP/SPH, DSP/urea, SP-
A/SPH and SP-B/SPH ratios were all related to oxygena-
tion in the ALI group, this was also true when the CS
cohort was added. When the CS cohort alone was ana-
lysed, similar relationships emerged, at least with regard
to DSP. While the finding that CS surfactant is abnor-
mal was unexpected, it is consistent with the elevated
plasma levels of SP-A and SP-B found in these patients,
and suggests coexistent lung injury. Consistent with this,
we have previously reported elevated blood levels of SP-
A [9] and SP-B [10], and others have found elevated
protein [31] and oxidized glutathione [32] in BAL fluid
from patients with HPE. Furthermore, PETERSON et al. [33]
found a doubling of total protein in epithelial lining fluid
when the left atrial pressure was raised 19 cmH2O in
sheep, and the alveolar-to-plasma protein ratio was almost
identical to that reported from HPE patients [18]. Of par-
ticular note, and consistent with the current study where 7
of the 11 CS patients required cardiac valve replacement
for chronic and severe heart failure, NAKOS et al. [31] found
that ARDS and HPE patients had similar surfactant
changes. Although we did not measure extravascular lung
water in these patients, it is almost certain they also had
pulmonary oedema. However, many uncertainties exist,
and these issues require further investigation.

In summary, we have described the correlation of oxy-
genation and lung mechanics with the surfactant status of
acute lung injury and cardiac surgery patients. Surfac-

tant composition correlated with lung function. Consis-
tent with our previous studies [9, 10], plasma surfactant
protein-A and -B was elevated in our acute lung injury
patients. Plasma surfactant protein-A and -B was also ele-
vated in our cardiac surgery patients. Although initially
surprising, our present results are consistent with the work
of others [31–33], and reflect concurrent lung dysfunction
and an increase in alveolocapillary permeability in cardiac
surgery patients. While it has been convenient to partition
pulmonary oedema as due to either a hydrostatic or per-
meability origin, accumulating data [9, 10, 31–33] sug-
gests that this is only a notional classification, and that
there is usually a variable component to both. Finally, we
conclude that elevated plasma surfactant protein-A and -B
reflect changes in lung permeability rather than absolute
changes in alveolar levels.
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