
High-frequency oscillatory ventilation does not
decrease endothelin release in lung-lavaged
rabbits

B. SIMMA,* V. GUÈ LBERG,§ P. SCHOBEL,* R. TRAWOÈ GER,* H. ULMER,{
A. L. GERBES§ & G. PUTZ{

*Intensive Care Unit, Children's Hospital, {Department of Biostatistics, {Department of

Anesthesia and Intensive Care Medicine, University of Innsbruck, Austria; §Department of

Medicine II, Klinikum Grosshadern, University of Munich, Germany

Simma B, GuÈ lberg V, Schobel P, TrawoÈger R, Ulmer H, Gerbes AL, Putz G.

High-frequency oscillatory ventilation does not decrease endothelin release in

lung-lavaged rabbits. Scand J Clin Lab Invest 2000; 60: 213±220.

High-frequency oscillatory ventilation (HFO) has been shown to reduce lung

injury and pulmonary arterial pressure (PAP). We hypothesized that HFO leads

to decreased endothelin 1 (ET-1) and endothelin 3 (ET-3) release when

compared to conventional mechanical ventilation (CMV) in lung-lavaged

rabbits. Design: Prospective, randomized, controlled animal study. In 26 adult

New Zealand White Rabbits ventilated by CMV or HFO under hypoxemic and

normoxemic conditions after lung lavage (CMV-hypo: n~5; CMV-normo: n~8;

HFO-hypo: n~7; HFO-normo: n~6) we recorded systemic and PAP, measured

blood gases, ET-1 and ET-3 and calculated intrapulmonary venous admixture

during a 4-h experiment. ET-1 was signi®cantly increased after lavage (pv0.05)

with no further increase until the end of the experiment. Neither pulmonary

arterial nor systemic arterial ET-1 differed between CMV and HFO or between

hypoxemia and normoxemia. Systemic arterial ET-3, however, was signi®cantly

higher in HFO-hypo than in the other two groups ventilated under normoxemic

conditions at the end of the experiment (HFO-hypo vs. CMV-normo, pv0.05;

HFO-hypo vs. HFO-normo, pv0.05). PAP showed a continuous increase in all

groups (pv0.05). We did not ®nd any correlation between PAP and ET-1 or

ET-3. Intrapulmonary venous admixture increased in animals ventilated under

hypoxemic conditions, whereas it decreased after lung lavage in those ventilated

under normoxemic conditions until the end of the experiment (HFO-normo,

pv0.05). Conclusions: This study suggests that HFO does not decrease ET-1 and

ET-3 release compared to CMV in lung-lavaged rabbits. Hypoxemia, however,

may increase ET-3 release from the lungs, leading to an increased intra-

pulmonary shunt.
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INTRODUCTION

High-frequency oscillatory ventilation (HFO) is

an effective mode of mechanical ventilation [1,

2] and results in signi®cant improvement of

oxygenation, lung mechanics and lung path-

ology [3 ± 5]. In HFO, lung volume is optimized

by application of a continuous opening pressure

and a VT smaller than dead space. When HFO

is compared to conventional mechanical venti-

lation (CMV) in preterm infants [6, 7] and

children [8], incidence of barotrauma and

chronic lung disease is lower and outcome

improved. In lung-lavaged animals, HFO leads

to a decrease in mean pulmonary artery

pressure (PAP) when compared to CMV [9].

This correlates with signi®cantly lower intra-

pulmonary right-to-left shunt. In CMV, the

lung is in¯ated with high pressures and high

tidal volumes (VT), inducing lung injury by

intense shear stress at junctions between

structures of normally aerated lungs and

collapsed alveoli [10]. As a consequence, CMV

is now applied in neonatal intensive care with

lower VT and higher frequencies [11] than in the

past. In an aninimal study, we demonstrated

that HFO still reduces lung injury even when

CMV was set at low VT and high frequency

[12].

Recent studies have shown that in acute

respiratory distress syndrome pulmonary hyper-

tension may be caused by the release of

endothelin (ET) [13 ± 15]. ET is known to be a

potent vasoconstrictor substance produced in

vascular endothelial [16] but also in bronchial

and alveolar epithelial cells [17]. Stimuli such as

hypoxia [18], increased blood ¯ow [19] or shear

stress [20, 21] induce transcription of ET

messenger RNA, resulting in synthesis and

secretion of ET within minutes. In rabbits,

these vascular effects are mediated by ET-1 or

ET-3, both causing potent vasoconstriction [22,

23].

Since HFO may protect the lung and

decrease PAP [9], we hypothesized that HFO

leads to decreased ET-1 and ET-3 release

in lung-lavaged adult rabbits when com-

pared to CMV set at low VT and high

frequency. Furthermore, we expected to ®nd

this effect under hypoxemic and normoxemic

conditions.

MATERIAL AND METHODS

Thirty-six adult male New Zealand White

Rabbits (2.5 ± 3.5 kg) were studied. Ten animals

had to be excluded because of protocol failure.

The protocol was reviewed and approved by the

animal research committee of the Austrian

Federal Government (no. 66.011/59 ± Pr/4/95).

Before anaesthesia was induced, the animals

were randomly assigned to receive CMV or

HFO after lung lavage procedure with FIO2

adjusted to achieve an arterial oxygen tension

(PaO2) of either 100¡20 mmHg (normoxemia)

or 50¡20 mmHg (hypoxemia). Thus, the

four groups studied were: Group 1: CMV,

hypoxemia (CMV-hypo, n~5); Group 2: CMV,

normoxemia (CMV-normo, n~8); Group 3:

HFO, hypoxemia (HFO-hypo, n~7); Group 4:

HFO, normoxemia (HFO-normo, n~6).

Animal preparation

Anaesthesia was induced with intramuscular

ketamine (Ketalar1, 2 ± 5 mg kg21) and xylazin

hydrochloride (Rompun1, 1 mg kg21). After

applying a topical anaesthetic (Xylocain1) to

the skin, a 22-G cannula was inserted into

an ear vein. Isotonic saline was infused at

5 ± 10 mL kg21 h21. A tracheostomy was

preformed and the trachea was cannulated

with a 3.0 ± 3.5 mm inner diameter, uncuffed

tube (RuÈsch1, RuÈsch AG, Kernen, Germany).

The cannula was secured in place with sutures

to prevent air leaks. Neuromuscular paralysis

was initiated and maintained with 0.5 mg kg21

pancuronium-bromide (Pavulon1). Anaesthesia

was continued and maintained as necessary

with additional boluses of ketamine.

Following cannulation, CMV was initiated at

the following ventilator settings: PEEP

4 cmH2O, peak inspiratory pressure to achieve

a VT of 5 mL kg21, inspiratory to expiratory

(I:E) ratio of 1:2, frequency of 25 to 30 breaths

min21 to achieve normocapnia, and a fraction

of inspiratory oxygen (FIO2) of 1.0 (Babylog

80001, Draeger Comp., Luebeck, Germany).

Airway pressure was measured at the proximal

end of the endotracheal tube. VT and gas ¯ow

were determined with a hot-wire anemometer

(Draeger Comp., Luebeck, Germany) placed

between the proximal end of the tube and the

ventilatory circuit. A 4 F catheter was inserted

in the carotid artery for continuous monitoring
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of PaO2 (Neocath10001, Biomedical Sensors

Ltd, Bucks, England), systemic arterial blood

pressure, and for intermittent determination of

arterial blood gases (AVL 9951, List Medizin-

technik GmbH, Graz, Austria). Blood gases

were corrected for body temperature and P50 of

rabbit. A pulmonary artery catheter (4 F,

Arrow Inc, Reading, PA, USA) was placed

via the internal jugular vein and correct position

was ascertained by pressure tracing and radio-

graphic control. Localization of the catheter tip

was con®rmed by dissection at the end of the

experiment. Pressures from carotid artery,

pulmonary artery and airway were measured

with separate pressure transducers (Gould

PP50, Statham, Bilthoven, Netherlands). Arte-

rial (SaO2) and pulmonary (SpO2) oxygen

saturation were determined by co-oximetry

(270 CO-oximeter, Ciba Cornig Diagnostics

Corp., Med®eld, MA, USA). Intrapulmonary

venous admixture was calculated using the

formula Qs/Qt~CcO2 ± CaO2/CcO2 ± CvO2,

where CaO2 and CvO2 are arterial and mixed

venous oxygen content. CcO2 is ideal (alveolar

end) capillary oxygen content, which was

calculated as CcO2~(SaO26Hb61.39)z

PAO260.0031. PAO2 was calculated by the

alveolar gas equation: PAO2~(Pbar ±

PH2O)6FIO2 ± PaCO2/0.8, where Pbar is baro-

metric pressure, PH2O is water vapour pressure,

and 0.8 is an assumed respiratory quotient. An

esophageal temperature probe was inserted to

register core body temperature, which was

maintained at 39 ± 40³C with an overhead

radiant warmer. The pH was adjusted to be

above 7.20 by administration of sodium bicar-

bonate.

Study design

After stable conditions were achieved PAP

was recorded and blood samples were taken for

baseline measurements of blood gas and

endothelins (before lavage). Then, in supine

position, the lungs were lavaged two to ®ve

times with normal saline (20 mL kg21, 38³C)

over a period of 20 min [22]. After each lavage,

we in¯ated the lungs to a pressure of 30 cmH2O

for 15 s to prevent airway collapse. After

completion of lung lavage, CMV was continued

for another 15 to 30 mins using the following

ventilator settings: peak- and end-expiratory

pressure 25 and 6 cmH2O, I:E ratio 1:2,

frequency 50 breaths min21, resulting in a

MAP of 15 cmH2O; FIO2 was set at 0.5.

Lung injury was considered adequate at the end

of this 15- to 30-min period when PaO2 was

between 60 and 100 mmHg. Rabbits failing this

criterion were excluded from further investiga-

tion. Next, PAP was recorded and blood

samples were taken again for another set of

measurements (after lavage).

After this lung lavage procedure, rabbits

assigned to groups 1 (CMV-hypo) and 2

(CMV-normo) were ventilated as follows:

pressure-controlled, time-cycled ventilator; I:E

1:2, frequency 120 breaths min21, peak- and

end-expiratory pressure 30 and 8 cmH2O,

resulting in a MAP of 15 cmH2O, VT of

5 mL kg21, and normocapnia. Rabbits assigned

to groups 3 (HFO-hypo) and 4 (HFO-normo)

were ventilated with a diaphragm oscillator

(SensorMedics 3100A1, SensorMedics BV,

Bilthoven, Netherlands). MAP was set at

15 cmH2O and controlled by a pressure valve

in the exit port of the continuous ¯ow system.

Oscillatory frequency was 10 Hz, inspiratory

time 33%, and bias ¯ow 15 L/min. VT was

adjusted by setting the stroke volume of

the diaphragm such that normocapnia

was achieved. In both HFO and CMV,

FIO2 was adjusted to achieve a PaO2 of

either 100¡20 mmHg (normoxemia) or

50¡20 mmHg (hypoxemia). In all four groups,

lung volume recruitment maneuvers were per-

formed every 20 min by increasing the MAP to

25 cmH2O over a period of 15 s. Both 2 and 4 h

after the lung lavage procedure, PAP was

documented and blood samples, which were

taken before recruitment maneuvers, were with-

drawn again to determine blood gases and

endothelins (2 h, 4 h).

Endothelin

ET-1 and ET-3 were measured in blood

samples obtained from the carotid and pulmo-

nary artery. Blood samples were collected in

tubes containing EDTA, heparin and aprotinin

(500 KIU mL21 blood). Samples were immedi-

ately centrifuged at 3000 rpm (1.66gav) for

15 min at 4³C (GPR Centrifuge1, Beckmann

Instruments, Inc., U.K.). Plasma was collected

and stored in polypropylene tubes at 280³C.

ET-1 and ET-3 were determined by two

separate and speci®c radioimmunoassays after
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solid-phase extraction using SepPak C18 car-

tridges (Waters, Milford, MA, USA) as

described elsewhere [24, 25]. Extraction recov-

ery was between 80 and 85%. Results were not

corrected for recovery rates.

Statistics

A statistical power analysis was performed to

determine the probability of a type II error. The

power analysis suggested that ®ve animals in

each group was suf®cient. Using a two-sided t-

test a difference in mean endothelin level of

more than 10 pg mL21 between the groups will

be detected with a certainty of more than 80%

assuming a common SD of 5 pg mL21. With

the same sample size, a difference in mean PAP

of more than 8 mmHg between the groups will

be determined with a certainty of more than

90%. Changes over time were assessed using

analysis of variance for repeated measurements

(ANOVA). Differences between groups were

analysed by independent t-test. Non-parametric

tests were used as appropriate. Corrections for

multiple comparison were made by the least

signi®cant difference (LSD) test. Statistical

analysis was done using statistical software

(SPSS for Windows 7.51, SPSS Inc., Chicago

1998, USA). Differences were considered sig-

ni®cant at pv0.05. No comparisons were made

for group 1 after 4 h because sample size was

too small.

RESULTS

Thirty-six rabbits were studied. Seven had to be

excluded from further investigation because

they did not show adequate lung injury. Three

rabbits had to be rejected because blood

samples for endothelin measurements were too

small. Statistics were calculated for the remain-

ing 26 rabbits. Heart rate, mean arterial blood

pressure and central venous pressure were the

same for all groups throughout the experiment.

Volume of lavage ¯uid recovered was 83¡9%.

Hemoglobin levels were signi®cantly decreased

at the end of the experiment in all groups.

PaCO2, pH and base de®cit remained within

normal range. The amount of sodium bicar-

bonate required to maintain a normal pH was

signi®cantly lower in CMV-normo than in the

other groups. In CMV-hypo, three out of ®ve

rabbits died after 2 h before completion of the

experiment because of pneumothorax (one

rabbit) and hemodynamic failure (two rabbits).

In HFO-hypo, one rabbit died because of

hemodynamic failure. Therefore no statistics

were calculated in CMV-hypo at 4 h, because

the sample size was too small at that time. As

expected, rabbits ventilated by CMV required a

signi®cantly higher FIO2 than those ventilated

by HFO after lung lavage. Throughout the

experiment the difference between arterial and

mixed-venous oxygen content (CaO2 ± CvO2),

an index of change in cardiac output [9],

remained stable in all four groups.

Pulmonary arterial and systemic arterial ET-1

We found that in all four groups pulmonary

arterial (Table I) and systemic arterial ET-1

(Table II) were signi®cantly increased after

lavage. However, no further increases were

found until the end of the experiment. Neither

pulmonary arterial nor systemic arterial ET-1

were different between CMV and HFO. Nor

was any difference found between hypoxemia

and normoxemia for either ventilatory mode.

Pulmonary arterial and systemic arterial ET-3

A signi®cant decrease in ET-3 levels due to

the lung lavage procedure occurred only in the

CMV-hypo group. Pulmonary arterial ET-3 did

not further change in any of the four groups

TABLE I. Pulmonary arterial ET-1.

Before lavage After lavage 2 h 4 h

CMV-hypo 24.6¡2.7 30.4¡3.7* 32.0¡7.4 38.5¡8.7
CMV-normo 26.8¡3.5 33.4¡6.1* 36.0¡4.4* 34.4¡5.4*
HFO-hypo 27.8¡3.5 33.8¡6.0* 37.7¡3.5* 36.8¡4.7*
HFO-normo 26.6¡2.1 31.0¡4.8* 33.0¡4.4* 33.2¡4.1*

Data are means¡SD (pg mL21), *pv0.05 vs before lavage (paired, two-tailed t-test).
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until the end of the experiment (Table III).

Systemic arterial ET-3, however, was signi®-

cantly higher after 4 h in the HFO-hypo group

than in the other two groups ventilated under

normoxemic condition (Table IV). This indi-

cates that ET-3 might be produced in the lungs

of these animals.

PAP and intrapulmonary venous admixture

In all groups PAP was elevated after lavage

and showed a further continuous increase until

the end of the experiment (Fig. 1). We could not

®nd any signi®cant correlation between PAP

and ET-1 or ET-3.

Intrapulmonary venous admixture increased

in all four groups after lavage (Fig. 2). While it

further increased under hypoxemic conditions

(group 1 and 3), it decreased under normoxemic

conditions until the end of the experiment

(groups 2 and 4) (Fig. 2). This decrease was

statistically signi®cant in the HFO-normo group

(group 4).

DISCUSSION

Our results show that in lung-lavaged rabbits

HFO does not diminish release of ET-1 and

ET-3 when compared to CMV. Additionally,

ET levels do not correlate with PAP. Our

results also suggest that ET-3 might be

produced in the lungs of these rabbits. This

effect may be in¯uenced by hypoxemic rather

than by normoxemic conditions or ventilatory

mode and is associated with an increased

intrapulmonary shunt; a ®nding not reported

so far. From in vitro studies in endothelial cells

it is known that shear stress stimulates ET

release [20, 21]. In vivo studies in both animals

and patients with respiratory distress syndrome

show that ET levels are elevated during CMV

TABLE II. Systemic arterial ET-1.

Before lavage After lavage 2 h 4 h

CMV-hypo 23.9¡1.5 31.4¡49* 31.9¡9.3 38.1¡8.4
CMV-normo 28.3¡6.5 34.6¡7.2* 35.6¡6.7* 37.8¡5.2*
HFO-hypo 27.6¡4.5 36.3¡6.1* 37.7¡6.0* 40.5¡5.3*
HFO-normo 24.5¡2.4 35.9¡7.8* 34.9¡4.2* 35.1¡4.6*

Data are means¡SD (pg Ml21), *pv0.05 vs. before lavage (paired, two-tailed t-test).

TABLE III. Pulmonary arterial ET-3.

Before lavage After lavage 2 h 4 h

CMV-hypo 24.5¡2.7 15.3¡4.1* 16.9¡7.7 13.5¡8.4
CMV-normo 16.4¡4.8 20.6¡5.4 16.1¡1.9 16.1¡6.4
HFO-hypo 21.7¡4.9 20.4¡4.3 21.2¡4.0 15.6¡3.2
HFO-normo 20.8¡8.6 21.5¡3.0 19.5¡4.2 16.7¡5.5

Data are means¡SD (pg Ml21), *pv0.05 vs. before lavage (paired, two-tailed t-test).

TABLE IV. Systemic arterial ET-3.

Before lavage After lavage 2 h 4 h

CMV-hypo 23.9¡1.5 16.2¡3.3* 13.2¡6.5* 14.1¡5.1
CMV-normo 18.7¡5.0 17.6¡5.0 15.8¡4.1 11.4¡5.0*{
HFO-hypo 21.0¡3.6 22.7¡4.2 18.4¡4.1 23.0¡8.5{
HFO-normo 21.1¡7.5 16.0¡5.4 13.3¡5.3* 13.8¡3.9*

Data are means¡SD (pg Ml21).
*pv0.05 vs. before lavage (paired, two-tailed t-test).
{pv0.05 vs. after lavage (paired, two-tailed t-test).
{pv0.05 HFO-hypo vs. CMV-normo and vs. HFO-normo at 4 h (independent t-test).
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[13 ± 15, 17]. One might expect that HFO may

cause decreased ET synthesis in alveolar and

bronchial epithelial cells, because HFO is

known to induce less severe lung injury [3 ± 5,

12]. In our study, ET levels were not decreased

by HFO and stayed similar to those measured

in CMV. This raises the question concerning the

ef®ciency of the ventilation strategies we chose.

In a previous animal study [12] applying the

same ventilatory strategies as in this study, we

demonstrated that HFO reduces lung injury

when compared to CMV at low VT (5 mL kg21

body weight), high frequency (120 breaths

min21) and high PEEP (6 ± 8 cmH2O). We

believe that in CMV overdistention and shear

stress were minimized and thus ET levels were

similar to those found in HFO.

Hypoxemia is known to variably affect ET

synthesis in animals and humans. It can

increase [18, 26], decrease [27] or even leave

ET levels unaltered [28]. The release of ET

causes a potent vasoconstriction. Vasoconstric-

tion of the rabbit pulmonary artery is caused

not only by ET-1 but also by ET-3, and their

effect is mediated by ET-A and ET-B receptors

[23]. Our results show that hypoxemia due to

lung lavage signi®cantly increased ET-1 in the

pulmonary and systemic artery but that this

release was not in¯uenced further on in the

experiment by the ventilatory mode, by hypox-

emia or normoxemia. Additionally, animals

ventilated under hypoxemic conditions showed

higher systemic ET-3 levels than those venti-

lated under normoxemic conditions at the end

of the experiment. This is a novel ®nding and

suggests that hypoxemia could act as a potent

stimulus to ET-3 synthesis in lung tissue.

One limitation of our study is the small

number of rabbits studied which leads to

contrasting ET-3 levels due to lung lavage in

the CMV-hypo group when compared to the

other groups. However, calculating data of ET-

FIG. 1. Mean pulmonary arterial pressure (PAP) in lung-lavaged rabbits ventilated with HFO or CMV
under hypoxemic or normoxemic conditions. PAP showed a continuous and signi®cant increase until the end
of the experiment. *pv0.05 vs. after lavage, paired two-tailed t-test. Data are means¡SD.

FIG. 2. Intrapulmonary venous admixture in lung-
lavaged rabbits ventilated with HFO or CMV under
hypoxemic or normoxemic conditions. Venous
admixture increased after lavage compared to data
before lung lavage. Furthermore, it increased under
hypoxemic conditions (CVM-hypo, HFO-hypo),
whereas normoxemia produced a decrease until the
end of the experiment (HFO-normo: after lavage vs.
4 h. *pv0.05, paired two-tailed t-test). Data are
means¡SD. ( ±e± CMV-hypo; ±%± CMV-normo;
±©± HFO-hypo; ±6± HFO-normo).
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3 of all 26 animals shows that there is no

difference due to lung lavage. In the CMV-hypo

group three animals died, which, in our

opinion, re¯ects the detrimental effect of this

ventilatory mode in combination with hypoxia.

A power analysis showed that ®ve animals in

each group was suf®cient to detect signi®cant

differences. The homogeneity of ET release and

hemodynamic response to the different ventila-

tory modes make it unlikely that a larger

sample size would have signi®cantly changed

these results.

Additionally, our data show that mean PAP

is increased continuously during the 4-h experi-

ment, and that this increase was in¯uenced

neither by ventilatory mode nor by oxygen

tension in blood. Furthermore, we could not

demonstrate any signi®cant correlation between

mean PAP and ET-1 or ET-3 levels. Data

obtained in adults [29] and children [19] with

pulmonary hypertension and congenital heart

disease showed that ET levels are elevated but

did not correlate with PAP. These authors

stated that endothelin release is caused either by

injured endothelium or increased perfusion [17,

19, 29]. However, pulmonary blood ¯ow is not

reliably re¯ected by PAP because pressure

depends on both ¯ow and resistance. Therefore,

high PAP can occur with high, normal, and

even low pulmonary blood ¯ow.

Burger et al. [9] demonstrated that mean PAP

is lower in rabbits ventilated by HFO than by

CMV. We thus felt that HFO, which decreases

endothelial shear stress, may result in reduced

ET release leading to decreased PAP. We

cannot con®rm this hypothesis. In our study,

mean PAP was no lower in rabbits ventilated by

HFO than in those ventilated by CMV, and

PAP did not correlate with ET-1 or ET-3. The

same authors [9] also demonstrated that mean

PAP was correlated positively with intra-

pulmonary venous admixture. We found that

venous admixture was in¯uenced only by

oxygen level, decreased by normoxemic condi-

tions and was not in¯uenced by ventilatory

mode.

In conclusion, release of ET-1 and ET-3 in

lung-lavaged rabbits is not lowered by HFO

compared to CMV. Additionally, when com-

paring HFO and CMV we were not able to

demonstrate any different effect on PAP under

normoxemic or hypoxemic conditions. Further-

more, we did not ®nd any correlation between

mean PAP and ET-1 or ET-3. Our data suggest,

however, that ET-3 is produced in the lungs of

rabbits ventilated under hypoxemic as com-

pared to normoxemic conditions. Therefore,

ET-3 may play a role in the vasoconstriction of

pulmonary arteries leading to increased intra-

pulmonary shunt.
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