
Introduction

The clearance of endothelin-1 (ET-1) and the formation
of angiotensin II (Ang II) are important metabolic func-
tions of lung endothelial cells. ET-1 and Ang II are both
strong endogenous vasoconstrictors. Angiotensin I is
converted into Ang II by the pulmonary endothelial
converting enzyme (ACE) [1]. Endothelin I±III are

mainly expressed [2] and removed [3, 4] in the lung. In
the acute respiratory distress syndrome (ARDS), pul-
monary ET-1 extraction has been reported to be im-
paired and ET-1 to be released from the injured lung
[5, 6], while Ang II formation is claimed to remain un-
changed [7]. The prone position enhances oxygenation
in approximately 75% of ARDS patients by improving
the distribution of ventilation-perfusion ratios through-
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Abstract Objective: In patients
with acute respiratory distress syn-
drome (ARDS), the prone position
may enhance oxygenation by
changing ventilation/perfusion ratio.
In this study, we investigated wheth-
er the prone position affects the net
balance between pulmonary endo-
thelin (ET-1) and angiotensin II
(Ang II) production and clearance,
two metabolic functions of lung en-
dothelial cells.
Setting: Anaesthesiological inten-
sive care unit of a university hospi-
tal.
Patients: Ten ARDS patients (Mur-
ray score > 2.5) were studied in both
the supine position (SP) and the
prone position (PP).
Measurements and design: Blood
samples were taken simultaneously
from the patient in SP for assess-
ment of mixed venous and arterial
ET-1 and Ang II concentrations, and
plasma renin concentration (PRC).
This was repeated after 60 min in SP,
immediately after turning the pa-
tient into PP, and 60 min thereafter.
Net arterial/mixed venous ET-1

clearances and net Ang II forma-
tions were calculated.
Results: arterial oxygen tension in-
creased from SP to PP by an average
of 60 mmHg, about 20 %. Arterial
ET-1 concentrations of ARDS pa-
tients were 1.57 � 1.1 pg/ml
(mean � SD) and within the range
of healthy persons. Net ET-1 clear-
ances were negative in SP, indicating
pulmonary release of ET-1, and did
not change in PP. Arterial Ang II
concentrations (73 � 56 pg/ml) as
well as PRC (126 � 85 pg/ml) were
markedly elevated. Net transpulmo-
nary Ang II formation did not
change.
Conclusion: Acute changes of oxy-
genation in ARDS patients by posi-
tioning do not induce any short-term
effects on pulmonary ET-1 net
clearance or Ang II net formation.
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out the lung [8] and by a reduction of the pulmonary
shunt [9]. In this study, we investigated whether the
prone position affects the net balances between pulmo-
nary ET-1 synthesis and clearance and Ang II produc-
tion and clearance. This was done in order to find out
whether a change in position alters the pattern of vascu-
lar perfusion modifying the amount of vascular surface
areas available for interaction with ET-1 and Ang II.
The hypothesis was that improved oxygenation may be
paralleled by improved metabolic lung function. As the
plasma renin activity has been reported to be increased
in intensive care unit (ICU) patients [10, 11, 12], we
also investigated whether the high renin in these pa-
tients may be due to a decreased Ang II formation by
pulmonary disease.

Methods

The following studies were done with approval by the institutional
ethics committee. The ten study patients were transferred from
other hospitals to our unit for therapy of severe ARDS. None of
the patients had a history of previous lung disease. The events
which had led to the development of the ARDS as well as addition-
al demographic data are shown in Table 1. The time intervals be-
tween the acute onset of the disease and the study period differed
from 48 h to 33 days. Diagnosis of severe ARDS was obtained by
clinical and radiological signs, using the Murray score [13]. For
general classification, SAPS was used (Table 1) [14].

After transfer to the ICU, all patients received standard treat-
ment as described elsewhere [15] including continuous infusion of
furosemide. Monitoring of patients included a thermodilution pul-
monary artery catheter (Model 93A-431±7.5F, Baxter Healthcare,
Irvine, Calif.). Systemic arterial pressure and pulmonary arterial
pressure were measured with disposable quartz transducers (Ab-
bott Laboratories, Chicago, Ill.) and monitored (Model 66 S, Hew-
lett Packard, Böblingen, Germany). Heart rate was measured by
ECG (Hewlett Packard). Cardiac output was measured by ther-

modilution (Baxter Explorer, Cardiac Output Computer, Baxter
Healthcare) and taken as the mean value of four measurements.
Cardiac output measurements were performed in the supine posi-
tion 60 min before positioning (SP±60), immediately before (SP
0), and immediately after the positioning manoeuvre to the prone
position (PP 0), and after 60 min in the prone position (PP + 60).
Systemic and pulmonary vascular resistances were calculated using
standard formulas. Pressure-controlled mechanical ventilation
with 10±17 cm H2O positive end-expiratory pressure (PEEP) and
a maximum inspiratory peak pressure less than 40 cm H2O was
performed with a Servo 900 C ventilator. Ventilator settings were
kept constant. After each measurement in the supine and prone
positions, arterial and mixed venous blood samples for blood gas
and hormonal analyses were taken, strictly simultaneously. We
measured plasma concentrations of ET-1, renin (PRC), angiotensi-
nogen (Ao), Ang II, and blood gases. Arterial blood gas analyses
were performed by measuring the partial pressures of oxygen
(PaO2) and carbon dioxide (PaCO2), and pH using standard blood
gas electrodes (ABL 300, Radiometer Copenhagen, Denmark).
For PRC, Ao, Ang II and ET-1 measurements, blood was collected
in precooled Na-EDTA tubes, centrifuged at 4�C, and stored until
analysis. Commercially available radioimmunoassay kits were
used to measure PRC (Renin aktiv III. Generation, Sanofi Diag-
nostics Pasteur, Freiburg, Germany) (intra-assay coefficient of
variation 0.6±4.5% and inter-assay coefficient of variation
2.7±14.5%), and Ang II (Euro-Diagnostica, Arnhem, Nether-
lands) (intra-assay coefficient of variation 3.9±8.6% and inter-as-
say coefficient of variation 2.5±8.3%). ET-1 was measured by a
commercially available ELISA (Biomedica, Vienna, Austria) (in-
tra-assay coefficient of variation 13.5% and inter-assay coefficient
of variation 15%).

In the ELISA used in the present study, ET-1 does not need to
be extracted (in comparison to a conventional RIA). The cross re-
activity is 100% for ET-1, 100 % for ET-2, < 5% for ET-3, < 1%
for Big Endothelin (1±38), and < 1% for Big Endothelin (22±38).
The assays were run in duplicate, but values exceeding the assay
variability were repeated. Ao was measured by a modified Tree
method described elsewhere in detail [16]. Intra-assay and inter-as-
say coefficient of variation were 10±15 %. The transpulmonary
plasma Ang II concentration gradient was defined as the differ-
ence between arterial and mixed venous plasma Ang II concentra-
tions (pg/ml). The net transpulmonary Ang II formation (ng/min)
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Table 1 Clinical characteristics of study patients

Patients age sex diagnosis or risk factor for ARDS additional
organ failures

Murray
Scorea

SAPS
Scoreb

outcome

1 26 f pneumonia (Staphylococcus aureus) none 3.75 17 survived

2 54 m pneumonia (Legionella) none 2.75 15 survived

3 31 m pneumonia (Pneumococcus) none 3.75 18 survived

4 43 m pneumonia (Varicella) kidney 3.75 21 died

5 21 m multiple trauma, lung contusion none 2.5 20 survived

6 23 f multiple trauma, lung contusion kidney 3.75 16 survived

7 34 m pneumonia, sepsis none 3.0 23 survived

8 59 f multiple trauma, lung contusion kidney,
liver

2.75 16 survived

9 32 f peritonitis, sepsis none 3.5 15 survived

10 39 f pneumonia, sepsis liver 3.25 19 survived
a The severity of ARDS was determined immediately before the study as described by Murray et al. [13]
b The simplified APACHE II Score was determined also before the study as described by LeGall et al. [14]



was calculated by the transpulmonary Ang II gradient multiplied
with the cardiac output (l/min). The transpulmonary plasma ET-1
concentration gradient was defined as the difference between
mixed venous and arterial plasma ET-1 concentrations (pg/ml).
The net transpulmonary ET-1 clearance (ng/min) was calculated
by the transpulmonary ET-1 gradient multiplied with the cardiac
output (l/min). Hemodynamic data were monitored continuously
and sampled every 20 s (CMS Patient Monitoring System, Hewlett
Packard, Bad Homburg, Germany). Pulmonary capillary wedge
pressure was measured 60 min before, immediately before, imme-
diately after and 60 min after positioning.

For statistical analysis, t-tests for paired samples were used to
compare PRC and Ao in SP±60 and PP + 60. An analysis of vari-
ance (ANOVA) for correlating samples (repeated measurements)
was used to compare blood gases, hormonal data and hemodynam-
ics before (SP 0) and after positioning (PP 0 and PP + 60). Then, t-
tests for paired samples were performed to compare SP 0 and PP 0
and SP 0 and PP + 60, respectively, with Bonferroni corrections for
P values. Bivariate correlations were performed with Pearson's
correlation coefficient. P values less than 0.05 were regarded as
statistically significant. All statistics were done by means of the su-
perior performing software systems (SPSS version 7.5).

Results

Hemodynamics and blood gases

Heart rate (HR), mean arterial pressure (MAP), central
venous pressure (CVP), and systemic vascular resis-
tance (SVR) did not change (Table 2). Mean pulmonary
arterial pressure (PAP) and pulmonary capillary wedge
pressure (PCWP) increased in PP, whereas pulmonary
vascular resistance (PVR) did not change (Table 2).
PaO2 increased considerably in PP 0 and PP + 60
(Fig. 1), PvO2 showed a tendency to increase in PP 0
and PP + 60 (n. s., Table 2). PaCO2 increased and pH de-
creased in PP + 60 due to a decrease in tidal volume

(VT) and in minute volume (MV) (Table 2). Peak air-
way pressure (PIP), mean airway pressure (MIP), and
PEEP did not change (Table 2). Calculated total com-
pliance (C) and pulmonary shunt (Qs/Qt) did not
change (Table 2).

Angiotensin II

Arterial Ang II ranged between 20 and 269 pg/ml and
did not change in PP. Mixed venous Ang II ranged
from 14 to 172 pg/ml in SP and did not change in PP. Ar-
terial Ang II values were at all times higher than mixed
venous values (Table 3). Ang II gradients and cardiac
output (CO) did not change (Table 3). Net Ang II for-
mations did not change (Table 3; for individual values
see Fig. 2).

Endothelin-1

Mixed venous ET-1 ranged from 0.58 to 3.66 pg/ml in SP
and did not change in PP. Arterial ET-1 ranged from
0.72 to 4.1 pg/ml in SP and did not change in PP. ET-1
gradients, and net ET-1 clearances did not change in
PP and SP (Table 3). For individual values of clearances
see Fig. 3.

Renin-angiotensin system (RAS)

PRC ranged between 38 and 268 pg/ml in SP (mean
126 � 85) and did not change in PP. Ao ranged between
1.55 and 5.1 mg Ang I/ml in SP (mean 3.02 � 1.17) and
did not change in PP.
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Fig.1 Arterial partial pressure
of oxygen (PaO2) in the supine
and prone positions. Box
plots � SD, n = 10 ARDS pa-
tients. * P < 0.05 refers to SP 0.
SP±60, SP 0 supine position
60 min and 0 min before posi-
tioning, respectively; PP 0,
PP + 60, prone position 0 min
and 60 min after positioning,
respectively



Statistical correlations

Arterial and mixed venous Ang II showed a positive
correlation in supine and prone position (coefficients
of correlation 0.92 to 0.98, P = 0.002). Arterial Ang II
and PRC were positively correlated in supine and prone
position (SP 60: 0.85, P = 0.002 and PP±60: 0.74,
P = 0.014; Fig. 4). Mixed venous Ang II and PRC were
also positively correlated in supine and prone position
(SP±60: 0.79, P = 0.006 and PP + 60: 0.77, P = 0.009).
There were no correlations between ET-1, PaO2, hemo-
dynamics, or components of the RAS. Neither PRC nor
Ang II were correlated with haemodynamics or PaO2.

Discussion

This study was performed to find out whether net Ang
II formation and net ET-1 clearance as components of
the metabolic lung function are changed in ARDS pa-
tients before and after positioning manoeuvre to the
prone position, a standard treatment of severe lung inju-
ry. The results show that the prone position has neither
influence on plasma concentrations of Ang II and ET-
1, nor on net pulmonary Ang II formation or ET-1 clear-
ance.

Arterial/mixed venous ET-1 ratio was greater than
unity indicating pulmonary ET-1 production or reduced
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Table 2 Hemodynamic parameters, arterial blood gases, and pa-
rameters of mechanical ventilation in supine position 60 min
(SP 60) and immediately (SP 0) before turning the patient into
the prone position, immediately in prone position (PP 0) and
60 min after positioning manoeuver (PP 60): heart rate (HR),
mean arterial blood pressure (MAP), central venous pressure
(CVP), systemic vascular resistance (SVR), mean pulmonary arte-

rial pressure (PAP), pulmonary capillary wedge pressure (PCWP),
pulmonary vascular resistance (PVR), partial pressures of mixed
venous oxygen (PvO2), arterial carbon dioxide (PaCO2), pH, tidal
volume (VT), minute volume (MV), peak airway pressure (PIP),
mean airway pressure (MIP), positive end-expiratory pressure
(PEEP), calculated compliance (C), and calculated shunt (Qs/Qt).
xÅ ± SD, n = 10 patients, * p < 0.05 refers to SP 0

SP 60 SP 0 PP 0 PP 60

HR (beats/min) 117 ± 18 115 ± 17 118 ± 17 120 ± 16
MAP (mmHg) 88 ± 16 88 ± 15 90 ± 14 86 ± 12
CVP (mmHg) 11 ± 2 11 ± 2 14 ± 3 14 ± 2
SVR (dyn ´ s ´ cm�5) 786 ± 279 792 ± 307 761 ± 307 729 ± 300
PAP (mmHg) 33 ± 5 32 ± 5 37 ± 5* 37 ± 4*
PCWP (mmHg) 12 ± 2 12 ± 2 15 ± 2* 16 ± 2*
PVR (dyn ´ s ´ cm�5) 219 ± 113 205 ± 109 212 ± 88 217 ± 101
PvO2 (mmHg) 44 ± 8 45 ± 8 49 ± 9 51 ± 11
PaCO2 (mmHg) 51 ± 14 52 ± 14 56 ± 18 60 ± 20*
pH 7.4 ± 0.01 7.37 ± 0.12 7.38 ± 0.11 7.34 ± 0.13*
VT (ml) 680 ± 217 667 ± 197 618 ± 184* 598 ± 179*
MV (ml/min) 10.8 ± 3 10.7 ± 3 9.8 ± 2.8* 9.2 ± 2.6*
PIP (cmH2O) 35 ± 3 35 ± 3 35 ± 3 35 ± 3
MIP (cmH2O) 25 ± 3 25 ± 3 25 ± 3 25 ± 3
PEEP (cmH2O) 16 ± 3 16 ± 3 16 ± 3 16 ± 3
C (ml/cmH2O) 38 ± 19 38 ± 20 35 ± 18 34 ± 18
Qs/Qt (% of CO) 39 ± 10 39 ± 9 36 ± 9 37 ± 10

Table 3 Arterial (art) and mixed venous (mv) plasma angioten-
sin II concentrations (Ang II), differences between arterial and
mixed venous plasma concentrations (Ang II gradients), cardiac
outputs (CO), and net transpulmonary angiotensin II formations
(Ang II formations = Ang II gradients multiplied with CO); plas-
ma endothelin concentrations (ET-1), differences between mixed
venous and arterial plasma concentrations (ET-1 gradients), and

net transpulmonary endothelin clearances (ET-1 clearances = ET-
1 gradients multiplied with CO). Values of ARDS patients are giv-
en in supine position 60 min (SP-60) and immediately (SP 0) be-
fore turning the patient into the prone position, immediately in
prone position (PP 0) and 60 min after positioning manoeuver
(PP + 60). xÅ ± SD, n = 10 patients, * p < 0.05 refers to arterial
values

SP-60 SP 0 PP 0 PP + 60

Ang II art (pg/ml) 73 ± 56 87 ± 81 76 ± 55 77 ± 51
Ang II mv (pg/ml) 56 ± 45* 55 ± 36* 53 ± 36* 53 ± 28*
Ang II gradients (pg/ml) 17 ± 15 32 ± 50 23 ± 21 24 ± 25
CO (l/min) 8.4 ± 2.3 8.4 ± 2.4 8.7 ± 2.5 8.7 ± 2.6
Ang II formations (ng/min) 143 ± 139 269 ± 504 200 ± 218 209 ± 289
ET-1 mv (pg/ml) 1.37 ± 0.85 1.73 ± 0.9 1.38 ± 1.02 1.54 ± 0.75
ET-1 art (pg/ml) 1.57 ± 1.1 1.85 ± 1.16 1.6 ± 1 1.58 ± 1.16
ET-1 gradients (pg/ml) �0.2 ± 0.58 �0.12 ± 0.41 �0.22 ± 0.93 �0.04 ± 0.53
ET-1 clearances (ng/min) �1.68 ± 6.5 �1.01 ± 2.6 �1.91 ± 7.74 �0.35 ± 5



clearance function of the damaged lung (Table 3). In
our study, one patient had a very high ET-1 clearance
(patient 4, Fig. 3) due to an increased mixed venous/ar-
terial ET-1 gradient and increased CO. This patient
had a varicella pneumonia, a high SAPS score, and a
negative outcome (patient 4, Table 1). Another patient
had a lower ET-1 clearance than the others (patient 6,
Fig. 3) due to a low mixed venous/arterial ET-1 gradient
and low CO. This patient had a multiple trauma with

lung contusion, low SAPS score, and survived (patient
6, Table 1). Both patients had high lung injury scores
(Table 1), but it cannot be explained why they reacted
differently compared to the other patients. However, in
contrast to results from another study [5], ET-1 plasma
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Fig.2 Individual angiotensin II (Ang II) net formations in the su-
pine and prone position. Values of ten ARDS patients. Ang II net
formation (ng/min), the amount of transpulmonary Ang II, is the
difference between arterial and mixed venous plasma Ang II con-
centrations (pg/ml) multiplied with the cardiac output (l/min).
SP±60, SP 0 supine position 60 min and 0 min before positioning,
respectively; PP 0, PP + 60, prone position 0 min and 60 min after
positioning, respectively

Fig.3 Individual endothelin (ET-1) net clearances in the supine
and prone position. Values of ten ARDS patients. ET-1 net clear-
ance (ng/min) is the difference between mixed venous and arterial
plasma ET-1 concentrations (pg/ml) multiplied with the cardiac
output (l/min). SP±60, SP 0 supine position 60 min and 0 min be-
fore positioning, respectively; PP 0, PP + 60, prone position 0 min
and 60 min after positioning, respectively



concentrations were not increased above normal in our
ARDS study patients, though the patients in the present
and the other study [5] were comparable. The difference
between the present and the other study [5] is most like-
ly due to different ET-1 measurement. We used an en-
zyme-linked immunosorbent assay (ELISA) because
this allows, by means of a competitive antibody tech-
nique, the measurement of active ET-1 only without in-
active metabolites. Therefore our values are most likely
lower than the values measured by the radioimmunoas-
say (RIA) used in the other study [5].

In another study in patients with acute lung injury,
the authors used an RIA plus antibody technique and
measured elevated ET-1 levels combined with abnormal
ET-1 metabolism in the very beginning of the disease
and in later normalization in patients who recovered
[6]. This may be in line with our data, because all the pa-
tients investigated in our study were transferred from
other hospitals to our unit. Therefore we were not able
to investigate the onset of respiratory failure.

In this study, plasma renin concentrations were mea-
sured in ARDS patients. The advantage of the direct
measurement of renin in comparison to the plasma re-
nin activity, which measures in vitro Ang I, is the quan-
tification of plasma renin concentration. PRC and, in
accordance, Ang II, were considerably increased: PRC
12-fold and Ang II sevenfold relative to control values
of healthy volunteers on a normal dietary salt intake
(unpublished data). The most likely mechanisms for

extreme renin release in these patients are the in-
creased sympathetic stimulation, catecholamine thera-
py, and diuretic therapy with furosemide [17] as dis-
cussed earlier in detail [18]. The increase in intratho-
racic pressure by PEEP ventilation, which is followed
by the unloading of intrathoracic baroreceptors, is also
a well-known stimulus for the renin-angiotensin system
[19]. In the present study, PEEP values between 10 and
17 cm H2O were most likely a strong stimulus for renin
release.

Arterial and mixed venous Ang II plasma concentra-
tions were correlated throughout the study protocol. Ar-
terial Ang II plasma concentrations were always greater
than mixed venous concentrations, indicating continu-
ous pulmonary Ang II formation in spite of lung disease
as described earlier in respiratory failure [7] and ARDS
[18].

In the present study, one patient had an extremely el-
evated Ang II formation (patient 5, Fig. 2) due to con-
siderably increased Ang II plasma concentrations. This
patient had a multiple trauma with lung contusion, a
high SAPS score (patient 5, Table 1), and also increased
renin values (data not shown) indicating increased activ-
ity of the renin-angiotensin system.

PRC and arterial Ang II were significantly correlated
in our study (Fig.4). The positive correlation between
PRC and Ang II leads to the conclusion that in these pa-
tients reduced Ang II formation is not a stimulus for re-
nin release.
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Fig.4 Individual arterial renin
(PRC) and angiotensin II (Ang
II) plasma concentrations of
ten ARDS patients in the su-
pine and prone position



For the first time, Ao was measured systemically in
ARDS patients. Ao plasma concentrations were elevat-
ed above normal, but less than PRC and Ang II. There-
fore neither a lack of Ao, caused for example by liver
damage, nor extremely increased Ao plasma concentra-
tions were additional mechanisms for renin release in
the ARDS patients investigated.

Oxygenation improved in PP in most patients
(Fig. 1). PaCO2 increased gradually and pH decreased
due to a relative hypoventilation by smaller VT and
MV in PP (Table 2). The increases of PAP and PCWP
(Table 2) can be explained by the increases of extramu-
ral pressures in PP, but were of no haemodynamic rele-
vance, for CO (Tables 2, 3) and PVR (Table 2) did not
change. In contrast to results from other authors [9] pul-

monary shunt did not change in the present study. It has
to be taken into consideration that oxygenation im-
proved in spite of a relative alveolar hypoventilation.
The enhancement of oxygenation in PP is therefore
most likely due to changes in ventilation±perfusion ra-
tios throughout the lung.

We conclude from the present study that the acute in-
crease of PaO2 in ARDS patients in the prone position
is not paralleled by changes in net Ang II formation
and net ET-1 clearance. Improved oxygenation was not
paralleled by improved metabolic lung function.
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