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Abstract t 
Objective:Objective: Previous studies failed to show clear benefits of high-frequency ventilation 

comparedd to conventional positive pressure ventilation (PPVC0N) in experimental meconium 

aspirationn syndrome. However, none of these studies applied an open lung ventilation 

strategyy (OLC), which aims to reduce intrapulmonary shunt due to alveolar collapse. We 

hypothesizedd that, if combined with an open lung strategy, both high-frequency oscillatory 

ventilationn (HFOVOLC) and positive pressure ventilation (PPV0LC) would improve gas exchange 

andd attenuate ventilator-induced lung injury in experimental meconium aspiration syndrome. 

Design:Design: Prospective, randomized animal study. 

Setting:Setting: Research laboratory of a large university. 

Subjects:Subjects: Forty-two newborn piglets. 

Inten/entions:Inten/entions: Thirty minutes after intratracheal meconium instillation, 36 newborn piglets 

weree assigned to one of three ventilation groups - PPVOLC, HFOVOLC, or PPVC0N - and 

ventilatedd for 5 hours. In both OLC groups, collapsed alveoli were actively recruited and 

thereafterr stabilized using the lowest possible airway pressures. During PPVC0N, ventilator 

settingss were adjusted to prevent critical hypoxia (Pa02 < 60 torr [8 kPa]). Six animals 

servedd as saline controls. 

MeasurementsMeasurements and Main Results: Compared with the PPVC0N group, arterial oxygenation 

andd lung mechanics were superior in both OLC groups and the saline controls. Analysis 

off the bronchoalveolar lavage fluid obtained after 5 hours of ventilation showed increased 

myeloperoxidasee activity in the PPVC0N group compared with both OLC groups and saline 

controls.. Alveolar protein influx was not different between the groups. Histologic analysis 

revealedd a higher lung injury score in the PPVC0N group compared with the PPV0LC and the 

HFOVOLCC groups. 

Conclusions:Conclusions: Application of the OLC during PPV and HFOV is feasible in experimental 

meconiumm aspiration syndrome and results in superior oxygenation and less ventilator-

inducedd lung injury compared with PPVC0N. 
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Introduction n 
Meconiumm aspiration syndrome (MAS) is a major cause of respiratory distress in neonates, 

resultingg in significant morbidity and mortality rates. About 35% of the neonates presenting 

withh MAS will require mechanical ventilation \ 

Becausee conventional positive pressure ventilation (PPVC0N) may result in ventilator-induced 

lungg injury (VILI), the use of high-frequency ventilation has been studied in different 

animall models of MAS 25. Most of these studies reported that, compared with PPVC0N, 

high-frequencyy ventilation resulted in comparable oxygenation and lung mechanics and a 

smalll reduction in histologic lung injury. However, none of these studies optimized lung 

volumee during high-frequency ventilation. 

Bothh animal and human studies have shown that during respiratory distress syndrome 

(RDS),, optimization of lung volume during high-frequency ventilation is essential to improve 

oxygenationn and reduce VILI &8. During this ventilation strategy, also referred to as the 

openn lung concept (OLC)9'10, collapsed alveoli are actively recruited and thereafter stabilized 

usingg sufficient airway pressures. Alveolar overdistension is prevented by using, small 

pressuree amplitudes resulting in small tidal volumes. 

Wee and others have recently shown in surfactant-depleted animal models that the OLC 

cann be applied during both high-frequency oscillatory ventilation (HFOV) and PPV 11-12. 

Bothh ventilation modes showed comparable improvement in gas exchange and attenuation 

off VILI. To our knowledge, no previous study has explored the application of the OLC 

duringg HFOV or PPV in experimental MAS. 

Therefore,, the present study was designed to investigate the effects of OLC ventilation 

duringg both PPV (PPV0LC) and HFOV (HFOVOLC) in a piglet model of MAS. We also included 

aa PPVCON group, because this is still the primary mode of ventilation in MAS 13. 

Thee following outcome variables were used to compare the three ventilation groups: gas 

exchange,, lung mechanics, alveolar protein leakage, myeloperoxidase (MPO) activity, and 

histologicc changes. We hypothesized that OLC ventilation would improve gas exchange, 

preservee lung mechanics, and attenuate VILI compared with PPVC0N. We further hypothesized 

thatt these beneficial effects would be comparable in both OLC groups. 

Methods s 
Animall preparation 
Thesee experiments were performed at the Department of Anesthesiology, Erasmus-MC Faculty 

Rotterdam.. The study was approved by the Animal Investigation Committee and the care 

andd handling of the animals were in accord with National Institutes of Health guidelines. 
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Anesthesiaa was induced in 42 mixed-breed newborn piglets, aged 35  15 (SD) hrs and 

weighingg 1.7  0.3 kg, with ketamine hydrochloride (35 mg/kg, intramuscularly) and 

midazolamm (0.5 mg/kg, intramuscularly). The animals were tracheotomized and ventilated 

inn the pressure controlled time-cycled mode (Servo 300 Siemens-Elema, Solna, Sweden), 

att an Fi02 of 1.0, a rate of 25-30 breaths/min, peak inspiratory pressure (PIP) of 8 - 10 cm 

H20,, positive end-expiratory pressure (PEEP) of 2 cm H20 and an inspiratory/expiratory 

ratioo of 1:2. A neuromuscular block was induced with pancuronium bromide (0.5 mg/kg, 

intravenously),, followed by a continuous infusion of fentanyl (20 |ig.kg"1.hr1), midazolam 

(0.33 mg.kg1.hr1) and pancuronium bromide (0.3 mg.kgMir1). 

AA 4-Fr double-lumen polyurethane catheter (Vygon, Ecouen, France) placed in the external 

jugularr vein was used for measuring central venous pressure and infusion of fluids and 

medication.. The carotid artery was canulated to monitor blood pressure and blood sampling. 

Inn addition, a sensor for continuous blood gas monitoring (Paratrend, Diametrics Medical, 

Buckinghamshire,, UK) was inserted through a femoral artery catheter. 

AA continuous infusion of 5% dextrose was started (100 ml.kg1.day1) and all animals 

receivedd one dose of cefotaxime (100 mg/kg). Body temperature was kept between 38

andd C during the experiment. 

Meconium m 

First-passs human meconium from 30 healthy term neonates was collected, pooled, and 

mixedd with 0.9% saline making a 14% solution. This solution was homogenized using a 

blenderr and filtered to remove large particles. A 10 ml sample of this stock solution was 

lyophilizedd and yielded a dry weight meconium concentration of 25 mg/ml. The remainder 

off the stock solution was divided into 10-ml aliquots that were frozen until approximately 

11 hour before each experiment, when they were thawed for use. 

Protocol l 
Baselinee information on ventilatory settings, ventilatory pressures, and circulatory variables 

includingg mean arterial blood pressure, heart rate, and central venous pressure were 

collected.. In addition, an arterial blood gas sample was obtained (ABL 505, Radiometer, 

Copenhagen,, Denmark). 

Thereafter,, animals were placed in the prone position, after which 10 ml/kg of the meconium 

solutionn was injected during a 20-sec period via an 8-Fr feeding catheter placed inside the 

endotracheall tube. After this first instillation, the ventilator settings were increased as 
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follows:: PIP 20 cm H2Ot rate 40 breaths/min, and PEEP 4 cm H20. After 5 mins, the animal 

wass turned to the supine position and a second 10 ml/kg of meconium solution was 

injectedd in an identical manner. 

Thirtyy minutes after the last meconium injection, the animals were randomly assigned to 

onee of three ventilation groups (n = 12 each) and ventilated for a period of 5 hours. 

Fi022 was kept at 1.0 during all experiments. Data on ventilation, hemodynamics, and 

bloodd gas analysis were recorded just before and hourly after randomization. 

PPVPPV0LC0LC Group. In this group, the ventilatory rate during PPV was increased to 120 breaths/ 

minn with an inspiratory/expiratory ratio of 1:1, and these settings remained unchanged 

duringg the experiment. During the experiments, end-expiratory flow was observed to be 

zero,, thus avoiding intrinsic PEEP as confirmed by preliminary experiments (expiration 

hold).. PEEP was increased to 15 cm H20, and a pressure amplitude (PIP minus PEEP) was 

sett at 10 cmH20 to prevent hypercapnia (PaC02 > 50 torr [6.7 kPa]). Collapsed alveoli 

weree then recruited by increasing PIP stepwise (5 cm H20 each step) for a short period of 

timee (15 sees). We defined optimal alveolar recruitment as a Pa02 > 450 torr (60 kPa), 

basedd on Pa02 levels in the healthy piglets ventilated with an Fi02 of 1.0. The level of PIP 

neededd to recruit the lung was called the opening pressure (PIP0). 

Afterr this recruitment procedure, PIP and PEEP were decreased simultaneously in equal 

stepss every 2-3 minutes until Pa02 decreased below 450 torr (60 kPa), indicating increased 

intrapulmonaryy shunting due to alveolar collapse. The level of PEEP at this stage of alveolar 

collapsee was called the closing pressure (PEEPC). PEEP then was set 2 cm H20 above PEEPC, 

andd PIP was momentarily (about 15 sees) increased to PIP0 to fully recruit the lung. The 

pressuree amplitude was set to keep the PaC02 within the target range (30-50 torr [4-6.7 

kPa]).. After this procedure which lasted usually < 15 minutes, ventilator settings remained 

unchangedd during the first hour of ventilation because a reduction in pressure during this 

timee period often resulted in alveolar collapse and subsequent deterioration of oxygenation. 

However,, after this time point, attempts were made to lower both PEEP and PIP in order to 

preventt overdistension. 

HFOVHFOVOLCOLC Group. Animals in this group were ventilated with HFOV (3100; SensorMedics 

Criticall Care, Yorba Linda, CA) using a frequency of 10 Hz and an inspiratory/expiratory 

ratioo of 1:2. These settings remained unchanged throughout the experiment. The continuous 

distendingg pressure (CDP) was increased to 15 cm H20 and thereafter stepwise increased 

ass described in the PPV0LC group with the purpose to find the opening pressure (CDP0). 

Thiss was followed by a stepwise decrease in CDP until the lung closed (CDPC). Following 
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thee second recruitment maneuver, the CDP level was set 2 cm H20 above CDPC. Oscillation 

wass continued during this procedure, and the delta pressure was set to keep the PaC02 

withinn the target range. Adjustments in airway pressure after the recruitment procedure 

weree comparable to the PPVOLC group. 

PPVPPVC0NC0N Group, This third group of animals was ventilated in the pressure-controlled mode, 

applyingg a conventional strategy. Ventilator settings as applied during meconium instillation 

weree initially continued. As preliminary experiments showed that it was not possible to 

achievee a target Pa02 > 450 torr (60 kPa), the ventilator settings were adjusted to prevent 

criticall hypoxia (Pa02 < 60 torr [8 kPa]). If necessary PIP could be increased with a limit of 

355 cm H20 and PEEP to 5 cm H20. The rate was preferentially changed (between 25-60 

breaths/min)) in order to keep the PaC02 within the target range. If adjusting the rate 

provedd unsuccessful in controlling PaC02, PIP could be altered as long as the changes did 

nott compromise Pa02. 

Inn addition to the animals receiving meconium, six animals received an identical intratracheal 

volumee (20 ml/kg) of saline, injected in two portions comparable to the meconium 

instillation.. These animals were thereafter conventionally ventilated as described previously. 

Pressure-Volumee curves 

Followingg the 5-hr ventilation period, eight animals in each treatment group were killed by 

ann overdose of pentobarbital. The thorax and the diaphragm were opened, and static pressure-

volumee curves were recorded using the syringe technique as previously described ". Maximal 

compliancee was calculated from the steepest part of the deflation limb. Total lung capacity 

andd V5 were defined as lung volumes at deflation with a distending pressure of 35 and 5 

cmm H20, respectively. The Gruenwald index, which characterizes the surfactant system in 

situ,situ, was calculated from the pressure-volume curve, defined as (2V5 + V10)/2Vmax, where 

V5,, V10 and Vmax are the lung volumes at transpulmonary pressures of 5, 10, and 35 cm 

H200 from the deflation limb, respectively 14. 

Bronchoalveolarr Lavage Procedure 

Afterr recording pressure-volume curves, bronchoalveolar lavage (BAL) was performed five 

timess (40 ml/kg) with saline-CaCl2 1.5 mmol/L. The recovered fluids from these five lavages 

weree pooled and analyzed as one sample. The percentage of lung lavage fluid recovered 

wass calculated. Samples were centrifugated for 10 min at 1500 x g to remove cell material. 

ProteinProtein influx. The concentration of proteins in the BAL fluid was measured by the Bradford 
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methodd {Biorad protein assay, Munich, Germany) using bovine serum albumin as the 

referencee standard 15. 

MPOMPO measurements. To assess the recruitment process of neutrophils in the alveolar 

space,, MPO activity was measured using a photospectrometer (Beekman DU 7400, Fullerton, 

CA)) at 450 nm with human MPO (Sigma-Aldrich Chemie BV, Zwijndrecht,, the Netherlands) 

ass a standard as described by Wollin et al. 16. 

Lungg mechanics and BAL analysis as described previously also were assessed in four 

animalss of the saline control group. 

Histologicall processing 
Att the end of the experiment, the lungs of the four remaining animals in each ventilation 

groupp and two in the saline control group were fixed as previously described 17. Before 

fixation,, the airway pressure was momentarily increased to 30 cm H20 and thereafter 

maintainedd at 20 cm H20. Blocks of tissue were taken from the center of the upper and 

middlee lobe and from the ventral and dorsal part of the lower lobe. The specimens were 

embeddedd in paraffin, sectioned, and stained with hematoxylin and eosin. A qualitative 

morphometricc analysis of lung injury was performed scoring atelectasis, hyaline membrane 

formationn and cellular infiltration as none, minimal, light, moderate or severe (score 0, 1, 

2,, 3 or 4, respectively), using specimens from non-ventilated animals as a reference standard. 

Specimenss were analyzed randomly and under blinded condition; that is, the examiner 

wass unaware of the ventilation protocol used during the experiment. As there were no 

differencess in lung injury scores between the left and right lung, only the right lung was 

usedd for further analysis. The lung injury score for each lung was defined as the sum of all 

fourr segments taken (maximum score 48). 

Thee total lung injury score for the different treatment groups was obtained by averaging 

thee lung injury scores from the animals included in each group. 

Statisticall analysis 
Statisticall analysis was performed using SPSS version 10 (SPSS Chicago, IL.) Intergroup 

differencess were analyzed with the analysis of variance or the Student's r-test. If analysis 

off variance resulted in p < .05, a Bonferroni post-hoc test was performed. Intragroup 

comparisonss were analyzed with the paired Student's f-test. Lung injury data were analyzed 

afterr logarithmic transformation. A p < .05 was considered significant. 
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Results s 
Alll animals survived, and no air leaks were observed during the study period. There were 

noo intergroup differences in age and weight. 

Gass exchange 

Bloodd gas values before meconium instillation were comparable in all treatment groups. 

Withinn 30 minutes after injecting the meconium solution, mean Pa02 values decreased to 

levelss < 80 torr (10.7 kPa) and mean PaC02 values increased to levels > 50 torr (6.7 kPa) 

inn the three ventilation groups (Fig. 1). Animals in the saline control group showed a 

similarr pattern, but the changes in Pa02 and PaC02 were much less dramatic (Fig. 1). 

Afterr the recruitment maneuver, mean Pa02 values increased in both OLC groups, stabilizing 

att levels around 500 torr (66.7 kPa) for the remainder of the ventilation period. In the 

PPVC0NN group oxygenation showed a modest improvement over time, but mean Pa02 

levelss remained significantly lower compared with both OLC groups at all t ime points 

(Fig.. 1/4). In the saline control group, mean Pa02 levels gradually increased during the first 

33 hours of ventilation showing no significant differences with both OLC groups after this 

timee point. Compared with the PPVC0N group, mean Pa02 levels in the saline control group 

weree significantly higher during the entire ventilation period. 

Duringg the first hours of ventilation, mean PaC02 levels decreased in both the meconium and 

thee saline groups, although this decrease was somewhat slower during PPVC0N For the remainder 

off the ventilation period, mean PaC02 levels were comparable in all groups (Fig. 18). 

A A 

600 0 

300 0 

I"" 400 

OO 300 
Q--

200 0 

100 0 

0 0 

-4-1""11 I 
75--

50--

25 5 

n n 

I I 

-o... HFOVQLC 

—— PPVOLC 
-* -- PPVcON 

-- Saline 

HH M/S 1 2 3 
Timee ( hours ) 

55 H M/S 1 2 3 4 5 
Timee ( hours ) 

Figuree 1. Changes (mean  SD) in Pa02 (A) and PaC02 (B) levels in the three ventilation groups receiving 
meconiumm and the saline control group. PPV , open lung positive pressure ventilation, HFOV open 
lungg high-frequency oscillatory ventilation, PPVC0N, conventional positive pressure ventilation. Values represent 
changess before (H) and after meconium/saline (M/S) instillation, and during the 5-h ventilation period. 
** p < 0.001 for PPV0LC, HFOVOLC and the saline control group vs PPVC0N group. \ p < 0.01 and % p < 0.05 
salinee control vs both open lung groups.§ p < 0.01 PPVC0N vs both open lung groups. # p < 0.05 PPVC0N 

vss saline control group. To convert torr to kPa multiply the values by 0.1333. 
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Tablee 1 . Ventilatory variables at different time points and modes of ventilation 

Paw/CDPP PIP PEEP PA/Del taP Rate 
( cmH 2 0 )) ( c m H 2 0 ) (cm H20) (cm H 20) (breaths/min) 

7.2 2 
6.9 9 
7.2 2 
8.0 0 

7.3 3 
16.0 0 
9.8 8 

13.6 6 

6.8 8 
16.3 3 

9.8 8 
12.6 6 

6.7 7 
16.6 6 
9.6 6 

11.3 3 

6.7 7 
17.0 0 
9.6 6 

11.3 3 

6.5 5 
18.1 1 
9.7 7 

11.0 0 

+ + 
+ + 

0.5 5 
1.2 2 
0.8 8 
0.9 9 

1.5* * 
0.4 4 
1.5 5 
1.4« « 

1.5* * 
1.0 0 
1.6 6 
0.8* * 

1.5* * 
1.4 4 
1.6 6 
2.7' ' 

1.5* * 
2.1 1 
1.4 4 
2.6 ' ' 

1.4* * 
3.4 4 
1.4 4 
2.4* * 

35 5 
35 5 
35 5 
35 5 

120 0 
40 0 

600 0 
35 5 

120 0 
39 9 

600 0 
33 3 

120 0 
39 9 

600 0 
35 5 

120 0 
39 9 

600 0 
35 5 

120 0 
38 8 

600 0 
38 8 

 0 
 0 
 0 
 0 

 0* 
 10 
 0 
 5 

 0* 
 12 
 0 
 5 

 0* 
 12 
 0 
 5 

 0* 
 12 
 0 
 0 

 0* 
 12 
 0 
 4 

Dataa are mean  5D. PPV0LC, open lung positive pressure ventilation, HFOVOLC, open lung high-frequency 
oscillatoryy ventilation, PPVC0N, conventional positive pressure ventilation. Saline, saline control group. Paw, 
meann airway pressure. CDP, continuous distending pressure. PIP, peak inspiratory pressure. PEEP, positive 
end-expiratoryy pressure. PA, pressure amplitude. Delta P, delta pressures as displayed by the oscillator. 
** p < 0.001, b p < 0.01 and c p < 0 .05 , all vs PPVC0N and saline cont ro l g roup . d p < 0 .05 vs saline cont ro l 
g roup ..  p < 0.01 vs PPVC0N g r o u p 

Ventilatoryy and circulatory variables 
Ventilatoryy pressures were comparable in all groups at the start of the experiment (Table 1). 

Althoughh opening pressures were comparable in both OLC groups, the closing pressure 

duringg PPVQLC was somewhat lower compared with the HFOVQLC group (Fig. 2). As the Pa02 

levell remained above 450 mmHg, no additional recruitement maneuvers were necessary in 

bothh OLC groups. 

Thee mean airway pressure and CDP were comparable in both OLC groups and decreased 

overr time as ventilatory pressures were reduced In contrast, the mean airway pressure 

duringg PPV showed an increase over time but remained significantly lower compared 

Healthy y 
PPV V 
P P V CON N 

H F O V O L C C 
Saline e 

11 h 

PPV V 

P P V CON N 

H F 0 V 0 L C C 
Saline e 

22 h 

PPV V 
P P V CON N 
HFOVOLC C 

Saline e 

33 h 

PPV V 
P P V CON N 
HFOVOLC C 

Saline e 

4 h h 
PPV V 
P P V c o , , 
HFOVOLC C 

Saline e 

5 h h 
PPV V 

P P V CON N 
HF0V0LC C 

Saline e 

3.9 9 
3.8 8 
4.3 3 
4.2 2 

15.8 8 
8.0 0 

15.0 0 
7.8 8 

15.0 0 
8.7 7 

14.2 2 
7.8 8 

14.3 3 
9.0 0 

13.4 4 
7.5 5 

13.7 7 
9.1 1 

12.3 3 
7.5 5 

12.8 8 
9.6 6 

11.6 6 
7.2 2 

+ + 

+ + 

0.3 3 
0.6 6 
0.5 5 
0.5 5 

3.0* * 
0.5 5 
3.2* * 
0.5 5 

2.6* * 
0.9 9 
3.2* * 
0.5 5 

2.1* * 
1.2 2 
2.8* * 
0.6 6 

2.6* * 
1.4 4 
2.9" " 
0.6 6 

3 .1 c c 

1.6 6 
2.5" " 
0.5 5 

9.3 3 
8.9 9 
9.3 3 

10.0 0 

19.2 2 
20.0 0 

17.8 8 

18.2 2 
20.5 5 

16.8 8 

17.5 5 
20.9 9 

15.8 8 

17.2 2 
21.4 4 

15.8 8 

16.2 2 
22.6 6 

15.5 5 

--

--
+ + 

--

--

+ + 

--

0.5 5 
1.4 4 
0.7 7 
0.8 8 

3.6 6 
0.4 4 

1.7 7 

3.2 2 
I . C C 

1.0 0 

2.8e e 

1.0 0 

2.6* * 

3.3* * 
2.6 6 

2.6' ' 

3.8e e 

3.8 8 

2.5e e 

2.0 0 
2.0 0 
2.0 0 
2.0 0 

12.0 0 
4.0 0 

4.0 0 

11.4 4 
4.2 2 

4.0 0 

10.8 8 
4.4 4 

4.0 0 

10.3 3 
4.3 3 

4.0 0 

9.5 5 
4.6 6 

4.0 0 

 0.3 
 0.4 
 0.3 
 0.1 

 2.3' 
 0.0 

--
 0.0 

 2.0* 
 0.4 

--
 0.0 

 1.6* 
 0.5 

--
 0.0 

 1.6* 
 0.5 

--
 0.0 

 2.1* 
 0.5 

--
 0.0 
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500 -i 

HFOVOLC C 

Figuree 2. Levels (mean  SD) of opening and 
closingg pressures during open lung positive 
pressuree ventilation (PPV0LC) and open lung 
high-frequencyy oscillatory ventilation 
(HFOVOLC).. * p < 0.05 vs the closing pressure 

Opening g Closing g 

withh both OLC groups at all time points during the ventilation period. 

Thee lower levels of PIP and the higher levels of PEEP used during PPV0LC resulted in a 

smallerr pressure amplitude compared with PPVC0N. To establish adequate C02 removal, the 

ventilatoryy rate was significantly higher during PPV0LC compared with PPVC0N. Comparison 

betweenn the pressure amplitude during PPV and the delta pressure during HFOV was not 

possiblee as the latter was not measured intratracheal^. 

Tablee 2 gives data on the circulatory parameters. Before administration of meconium or 

saline,, mean arterial blood pressures were lower in the HFOVOLC group compared with the 

PPVQLCC group. This difference in mean arterial blood pressure remained after meconium 

instillationn and randomization to the different ventilation groups. Furthermore, central 

venouss pressure was higher in both OLC groups during the first two hours of ventilation, 

withh no differences in the remainder of the ventilation period. There were no significant 

differencess in heart rate. 

1200 - .. HFOV, 

100 15 20 25 
Pressuree ( cmH20 ) 

35 5 

Figuree 3. Static pressure-volume curves (mean 
 SD) after 5 h of ventilation in the three 

ventilationn groups and the saline control 
group.. PPV0LC, open lung positive pressure 
ventilation,, HFOV0LC, open lung high-
frequencyy oscillatory ventilation, PPVCON, 
conventionall positive pressure ventilation. See 
Tablee 3 for differences in lung volumes at 
transpulmonaryy pressures of 35 cmH20 and 5 
cmm HO and maximal lung compliance. 
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Tablee 2. Circulatory variables at different time points and modes of ventilation 

MAPP CVP HR 
(mmHg)) (mmHg) (beats/min) 

Healthy y 
PPV V 

OLC C 
P P V C O N N 

H F O V O L C C 

Saline e 
11 h 

PPV V 
OLC C 

PFVC O N N 

H F O V O L C C 
Saline e 

22 h 
PPV V 

OLC C 
P P V C O N N 

H F O V O L C C 

Saline e 
33 h 

PPV V 
OLC C 

PpVCo, , 
H F O V O L C C 

Saline e 
4 h h 

PPV V 
OLC C 

P P V C ON N 

HFOVOLC C 

Saline e 
55 h 

PPV V 
OLC C 

P P V C O N N 

H F O V O L C C 
Saline e 

766
700
655
777

855
811
677
833

855
822
700
844

744
699
611
699

700
600
566
688

666
599
533
666

8* * 
12 2 
8 8 
7 7 

13" " 
1 1 " " 
12 2 
1 1 " " 

12" " 
14 4 
8 8 
14 4 

14" " 
11 1 
8 8 
11 1 

11* * 
7C C 

7 7 
7 7 

12* * 
7 7 
6 6 
6" " 

5.88
6.00
5.00
4.33

7.44
6.22
8.11
5.66

7.55
6.00
7.66
6.66

7.33
6.44
6.99
6.55

7.11
6.66
6.88
6.44

7.00
6.44
6.66
6.77

1.2 2 
1.6 6 
1.4 4 
0.9 9 

1.5 5 
0.8* * 
1.4 4 
0.7*1 1 

1.0 0 
1.0** * 
1.4 4 
1.5 5 

0.9 9 
1.5 5 
1.4 4 
0.5 5 

1.4 4 
1.7 7 
0.7 7 
0.6 6 

0.7 7 
1.2 2 
0.9 9 
0.6 6 

161 1 
165 5 
159 9 
171 1 

 19 
 43 
 26 
 19 

1944  21 
1688  44 
1700  37 
177 7 

207 7 
189 9 
181 1 
197 7 

205 5 
184 4 
178 8 
194 4 

198 8 
182 2 
183 3 

 29 

 23 
 52 
 40 
 36 

 28 
 50 
 42 
 34 

 27 
 45 
 41 

1999  48 

198 8 
190 0 
183 3 
206 6 

 25 
 42 
 35 
 60 

Dataa are mean  SD. PPVOLC, open lung positive pressure ventilation, HFOVOLC open lung high-frequency 
oscillatoryy ventilation, PPVCON, conventional positive pressure ventilation. Saline, saline control group.MAP, 
meann arterial pressure. CVP, central venous pressure. HR, heart rate. * p < 0.01 and b p < 0.05, vs HFOVOLC. 
c p << 0.05 vsPPV0LC group 

Lungg Mechanics 
Figuree 3 shows pressure-volume curves of the four treatment groups. There were no 

significantt differences in lung mechanics between the PPVOLC and the HFOVOLC groups. 

Furthermore,, lung function variables in both OLC groups were also comparable to the 

salinee controls. However, there was a clear deterioration of lung mechanics during the 

ventilationn period in the PPVC0N group, resulting in significantly lower values for total lung 

capacity,, V5, maximal lung compliance, and the Gruenwald index (Table 3). 

BALL Fluid Analysis 
Theree were no significant differences between the groups in the amount of BAL fluid 
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Tablee 3. Data on lung mechanics and lavage analysis in the different treatment groups. 

Saline e PPV„ „ HFOV„ „ PPVr r 

TLC355 (ml/kg) 

V55 (ml/kg) 

CLmaxx (ml/cmH20/kg) 

Gruenwaldd Index 

Proteinn (mg/ml) 

MPOO (units/ml) 

Recoveryy BAL (%) 

76 6 

52 2 

7.4 4 

1.08 8 

0.55 5 

0.38 8 

85 5 

 11 

 12a 

 1.4 

 1.14' 

 0.19 

 0.04a 

 5 

86 6 

50 0 

8.5 5 

0.98 8 

0.79 9 

0.52 2 

90 0 

 16a 

 11" 

 2.2a 

 0.06" 

 0.20 

 0.12 

 4 

81 1 

46 6 

7.9 9 

0.95 5 

0.68 8 

0.49 9 

87 7 

 13" 

 116 

 1.96 

 0.09 

 0.32 

 0.096 

 7 

57 7 

28 8 

4.3 3 

0.82 2 

0.69 9 

0.65 5 

87 7 

 19 

 11 

 2.1 

 0.09 

 0.19 

 0.12 

 4 

Dataa are mean  SD. PPV0LC, open lung positive pressure ventilation, HFOVoiC, open lung high-frequency 
oscillatoryy ventilation, PPVC0N, conventional positive pressure ventilation, Saline, saline control group.TLC,,., 
lungg volume at transpulmonary pressure of 35 cmH20. V5, lung volume at transpulmonary pressure of 5 
cmH20.. Cünax, maximal lung compliance. MPO, myeloperoxidase. BAL, broncho-alveolar lavage. a p< 0.01 
andd b p < 0.05 vs PPV group. 

Figuree 4. Sections of lungs stained with 
hematoxolin-eosin,, magnification 10x. A: minimal 
atelectasis,, hyaline membrane formation and 
cellularr infiltration in the lung of an animal in the 
salinee control group. B: large areas of atelectasis 
andd severe cellular infiltration in the lung of an 
animall treated with conventional positive pressure 
ventilationn after meconium instillation. C: mild 
atelectasiss and moderate cellular infiltration in the 
lungg of an animal treated with open lung positive 
pressuree ventilation. Meconium particles are clearly 
visiblee within the alveolar space in the groups that 
receivedd intratracheal meconium (B and C). 

recoveredd during the lavage procedure (Table 3). 

Proteinn concentrations measured in BAL fluid were comparable in the three ventilation 

groupss which received meconium (Table 3). Alveolar protein influx in the saline control 

groupp tended to be lower compared with the three meconium groups, although this 

differencee was not statistically significant. 
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MPOO activity in the lung was higher in the PPVC0N compared with the other treatment 

groups,, although these differences only reached statistically significance compared with 

thee HFOVOLC and the saline control group (Table 3). There were no differences between 

bothh OLC groups. 

Histologicall Analysis 
Histologicall analysis clearly showed the presence of meconium within the alveolar space 

inn all meconium-treated animals. Compared with the saline control group (Fig. 4/4), animals 

inn the meconium groups showed increased cellular infiltration and atelectasis, resulting in 

aa higher lung injury score in the three meconium groups compared with the saline control 

groupp (Fig. 5). Comparing the three ventilation groups which received intratracheal 

meconiumm revealed a higher lung injury score in the PPVC0N group compared with both 

OLCC groups (Fig. 5). 

Thiss was mainly due to increased cellular infiltration and the amount of atelectasis in the 

PPVC0NN group (Figure 4fi) compared with the PPV0LC (Figure 4C) and the HFOVOLC group. 

Theree were no differences in the lung injury score between both OLC groups. 

Figuree 5. Semi-qualitative lung injury scores for 
thee three ventilation groups and the saline 
controll group. PPV0LC, open lung positive 
pressuree ventilation, HFOVOLC, open lung high-
frequencyy oscillatory ventilation, PPVC0N, 
conventionall positive pressure ventilation.*,p< 
0.0011 vs all other groups. | , p < 0.01 vs PPVC0N 

group. . 

Salinee PPV0LC HFOVOLC PPVC0N 

Treatmentt groups 

Discussion n 
Thee present study shows for the first time that open lung ventilation is feasible during 

bothh PPV and HFOV in an animal model of MAS. Applying the OLC during these two 

modess of venti lat ion optimizes gas exchange and attenuates VILI compared wi th 

conventionall PPV. 

Upp to now, most studies that explored high-frequency ventilation in experimental MAS 

reportedd no or only modest advantages on gas exchange and VILI 25. In contrast to these 

previouss reports, the present study shows superior oxygenation during both HFOVOLC and 
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PPVOLCC compared with conventional PPV. This superior oxygenation is best explained by 

thee ventilation strategy used in both OLC groups. Obstruction of small airways and the 

inactivationn of pulmonary surfactant are considered important pathophysiological changes 

inn MAS 18"20. Both will lead to alveolar collapse and thus increased intrapulmonary shunt. 

Thee present study shows that these collapsed alveoli are recruitable by applying high 

airwayy pressures for a short period of time. By maintaining sufficient airway pressures 

afterr recruitment, alveoli remain opened during the entire respiratory cycle, thus reducing 

intrapulmonaryy shunt and improving oxygenation. This open lung approach is reflected 

byy the higher mean airway pressure in both OLC groups compared with the PPVC0N group. 

Althoughh the opening pressures and mean airway pressures were comparable in both 

OLCC groups, the closing pressure was lower in the HFOVOLC group. This small difference is 

probablyy due to the fact that we did not measure airway pressures intratracheal^ during 

HFOVOLC,, and thus could not correct the CDPC level for the superimposed delta pressure. 

Consistentt with previous studies in both animals and humans, the present study shows 

that,, compared with saline, meconium aspiration combined with PPVCON results in a serious 

deteriorationn of lung mechanics 1921. However, despite instillation of equal amounts of 

meconium,, lung mechanics in both OLC groups was much better preserved, showing a 

maximall lung compliance almost comparable to previous reported values for healthy 

pigletss and not significantly different from the saline control group 22. This finding is 

consistentt with other animal models which also demonstrated that maintaining an optimal 

lungg volume during mechanical ventilation can preserve lung function compared with 

conventionall PPV 6'7. Although others have postulated that the deterioration of lung 

mechanicss during conventional PPV is caused by surfactant inhibition due to increased 

alveolarr protein influx, the present study could not substantiate this and showed no 

differencess in BAL protein contents in the different ventilation groups 23. 

InIn vitro and in vivo experiments have shown that meconium can induce chemotactic 

activityy and subsequent influx of neutrophils in the alveolar space '9'24. In the present 

studyy we also showed that MPO activity tended to be higher in the three meconium 

groupss compared with the saline control group. However, we also showed that MPO 

activityy was clearly increased in the PPVCON group compared with both OLC groups. 

Again,, this is probably caused by the different ventilation strategies, as previous experiments 

havee shown that conventional PPV can induce more alveolar neutrophils influx compared 

withh open lung ventilation 25. 

Histologicall comparison between the different ventilation groups was consistent with the 

findingss on lung function and inflammation, showing increased areas of atelectasis and 
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cellularr infiltration in the PPVC0N group, resulting in a significantly increased lung injury 

comparedd with both OLC groups. 

Thesee findings are in accordance with the study by Wiswell et al. also showing higher 

lungg injury scores during PPVCON compared with high-frequency ventilation 2. 

Similarr to the lavage model, PPV0LC and HFOVOLC in MAS show comparable results, once 

againn emphasizing that the ventilation strategy (OLC) is probably more important than 

thee ventilator type (PPV or HFOV) used 12. 

Inn contrast to HFOV, PPV0LC has not yet been implemented in the respiratory care of 

infantss suffering from MAS. Some consider the application of high levels of PEEP 

potentiallyy harmful, because both animal and human studies have reported an increased 

riskk for air-trapping in MAS 18'21,26. However, it is essential to emphasize that in the 

presentt study the high levels of PEEP in the PPV0LC group were used after a recruitment 

maneuverr and only during pressure controlled time cycled ventilation, thus limiting 

overdistensionn of lung tissue. Furthermore, in animal studies that questioned the use of 

PEEP,, MAS was induced by using highly concentrated meconium solutions which increase 

thee risk of airtrapping by obstructing the larger airways 18< 26. In humans, it has been 

reportedd that the occurrence of airtrapping with subsequent barotrauma is only a problem 

inn a minority of human infants ventilated for MAS '. For this reason we used a lower 

concentrationn of meconium because previous studies showed this would result in alveolar 

depositionn of meconium particles, without blocking larger airways 20. The histological 

assessmentt in the present study confirms these findings. Although we showed the 

efficacyy of the OLC in this model of MAS, we can not rule out possible adverse effects 

whenn there is thick meconium with blocking of large airways and signs of barotrauma. 

Futuree studies will have to address this issue. 

Recentt studies have shown that exogenous surfactant, administered via bolus or lavage 

techniques,, can improve the treatment of MAS 13'27 28. Because exogenous surfactant 

wouldd almost certainly have influenced the outcome parameters used to compare the 

differentt ventilation strategies, the present study did not include surfactant treatment in 

thee protocol. Future animal studies should explore the combination of surfactant therapy 

andd open lung ventilation in MAS. 

Inn conclusion, the present study shows that open lung ventilation in experimental MAS 

iss feasible during both PPV and HFOV and results in superior oxygenation and attenuation 

off VIL! compared with conventional PPV. These results may be important as future 

randomizedd trials are designed to evaluate different ventilation strategies in the ventilatory 

managementt of MAS. 
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