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Abstract Objective: A previous
study in piglets with experimental
pneumonia showed that reducing
atelectasis by means of open lung
ventilation attenuated bacterial
translocation compared to conven-
tional ventilation settings. This study
examined the effect of open lung
ventilation with higher than necessary
positive end-expiratory pressures
(PEEP) on bacterial translocation.
Design and setting: Prospective
animal study in a university-affiliated
research laboratory. Subjects: Thirty
piglets. Interventions: Animals were
surfactant-depleted by whole-lung
lavage and infected with group B
streptococci. Thereafter the animals
were ventilated for 5 h according
to either a conventional ventilation
strategy, open lung strategy, or open
lung/high-PEEP strategy. Blood

samples for blood gas analysis and
blood bacterial counts were taken
every hour. After 5 h of ventilation
surviving animals were killed, and
lung colony forming units and lung
mechanics parameters were deter-
mined. Results: All animals in both
open lung groups survived but only
30% of those in the conventional ven-
tilation group. Open lung ventilation
resulted in significantly less bacterial
translocation than either conven-
tional or high-PEEP ventilation.
Lung function in the conventional
ventilated group was significantly
less than in the two open lung groups.
Conclusions: The lowest level of
bacterial translocation was observed
during optimal ventilation (open
lung) which was achieved by using
individually tailored settings. Devi-
ation to either side can be harmful,
as shown by the increased bacterial
translocation during conventional and
high-PEEP ventilation.

Keywords Open-lung · Ventilation ·
Atelectasis · Positive end-expiratory
pressure · Pneumonia · Lavage

Introduction

Patients in intensive care units who have an endotra-
cheal tube often experience colonization with potential
pathogenic micro-organisms which may eventually lead to
pneumonia [1–3]. Sepsis and/or septic shock complicate

the clinical picture [4–6]. It is known that injurious
ventilation with high tidal volumes using little or no pos-
itive end-expiratory pressure (PEEP) facilitate bacterial
translocation while the addition of higher PEEP values
can attenuate it [7–9]. Using individual PEEP settings
according to the open lung concept (OLC) van Kaam
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and colleagues [10] observed that bacterial translocation
was less in an experimental pneumonia model than with
conventional ventilation using PEEP of 5 cmH2O and tidal
volume of 7 ml/kg [11]. However, the level of PEEP ap-
plied in critically ill patients with acute respiratory distress
syndrome (ARDS) is often based on general protocols
and not on the severity of lung disease in the individual
patient [12]. This approach increases the risk that patients
are ventilated with a higher than necessary end-expiratory
pressure, possibly leading to alveolar overdistension. To
our knowledge, data on how these higher PEEP levels
affect bacterial translocation in ventilator associated pneu-
monia is limited. To gain more insight into this unknown
territory we used the same experimental model as van
Kaam and colleagues [11] but ventilated the animals with
a higher PEEP than required for optimal gas exchange
and compared the number of blood colony forming units
(CFU) as the main outcome variable with conventional
and OLC ventilation.

Material and methods

Thirty newborn piglets were anesthetized, tracheotomized,
and supplied with central lines [11]. Respiratory failure
was induced through repeated saline lavage (50 ml/kg;
37°C) until PaO2 was below 80 mmHg. After lavage two
aliquots of 5 ml/kg containing a concentration of approx.
108 encapsulated group B streptococci (GBS) CFU/ml
were injected intratracheally in the right and left lateral
position to ensure equal distribution [11]. All animals
received positive pressure ventilation (FIO2 of 1.0) for 5 h
after GBS instillation using different ventilation strategies
depending on their group:

• Conventional positive pressure ventilation (ConV
group, n = 10): In this group peak inspiratory pressure
(PIP) was set at a level that resulted in an expiratory
tidal volume of approx. 7 ml/kg. The level of PEEP was
set at 5 cmH2O and ventilatory rate at 60 breaths/min
(inspiratory to expiratory ratio, I/E, 1:2) [11].

• Open lung concept positive pressure ventilation (OLC
group, n = 10): The main objective of this ventilation
strategy is to recruit atelectatic lung regions and
prevent repeated alveolar collapse during expiration.
Changes in intrapulmonary shunt and subsequent
changes in oxygenation were used to assess alveolar
collapse. For this reason a sensor for continuous
blood gas monitoring was inserted through a femoral
artery catheter. During recruitment collapsed alve-
oli were opened by a stepwise increase in PIP and
PEEP (2 cmH2O every 2 min) until PaO2 reached
450 mmHg, the PIP at this point being defined as
the opening pressure. Subsequently PIP and PEEP
were reduced stepwise (2 cmH2O every 2 min) until
PaO2 dropped below 450 mmHg, the PEEP at this

point being defined as the closing pressure. Knowing
opening and closing pressures, the lung was rere-
cruited and kept open by setting the PEEP 2 cmH2O
above the closing pressure. With the lung now being
ventilated on the more compliant deflation limb of the
pressure volume (P/V) curve, the pressure amplitude
was minimized as much as possible and hypercapnia
was prevented by using supranormal ventilatory rates
(I/E 1:1, 100 bpm) [11].

• High positive end-expiratory positive pressure ven-
tilation (high-PEEP group, n = 10): After alveolar
recruitment (see OLC), a universal PEEP of 15 cmH2O
(vs. approx. 10 cmH2O in the OLC group) was applied
in all animals. This PEEP level was chosen based on
preliminary experiments that showed that PEEP levels
of 15 cmH2O did not lead to a serious compromise in
hemodynamics. Peak pressures were set to yield a tidal
volume of about 6 ml/kg (approx. 25 cmH2O, I/E 1:1,
100 bpm).

There were no intergroup differences in age, weight,
or number of lavages needed to induce lung injury. No air
leaks were observed in the animals during the study pe-
riod. In all animals expiratory flow was observed to be
zero prior to each inspiration, indicating the absence of
intrinsic PEEP. Samples for blood gas analysis and blood
CFUs were drawn at the end of the instrumentation pe-
riod, after lung lavage, and hourly after GBS instillation.
Hemodynamic support (volume substitution, dopamine in-
fusion) was given when both mean arterial blood pressure
decreased (> 10%) and heart rate increased to more than
200 (or an increase of more than 10% if baseline values
were already above this level) from baseline values [11].
At the end of the experiment P/V curves, protein concen-
tration in bronchoalveolar lavage (BAL), and lung CFUs
were determined [11].

All data are expressed as mean ± SD. Data on bacte-
rial growth were subjected to logarithmic transformation
(log10). Intergroup differences were evaluated by analysis
of variance and Bonferroni’s post-hoc test. Kaplan-Meier
analysis followed by a log rank test was used to compare
survival and bacterial translocation. Fisher’s exact test
was used when appropriate. Data from the ConV group at
5 h (n = 3) were excluded from statistical analysis. Differ-
ences at the level of p ≤ 0.05 were considered statistically
significant.

Results

Seven of the ten animals in the ConV group died during
the ventilation period, with a mean survival time of
258 ± 13 min. This differed significantly from the 100%
survival in the other groups. After 5 h of ventilation the
number of CFU/lung increased significantly in the ConV
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Table 1 Generic and ventilatory parameters over time in the three
groups. Data presented are mean ± SD. WW/BW, wet weight lung
weight to body weight ratio; CFU, colony forming units; CLmax,
maximal lung compliance; TLC35, lung volume at a transpulmon-
ary pressure of 35 cmH2O (total lung capacity); V5, lung volume

at a transpulmonary pressure of 5 cm H2O; MawP, mean airway
pressure; PEEP, positive end-expiratory pressure; PA, pressure am-
plitude; VTEX, expiratory tidal volume; ConV, lavaged + GBS + con-
ventional ventilation; OLC, lavaged + GBS + open lung ventilation;
high-PEEP, lavaged + GBS + high-PEEP ventilation

ConV OLC High PEEP

WW/BW (g/kg) 49 ± 8∗ 37 ± 3 34 ± 6
log10 GBS (CFU injected) 9.9 ± 0.2 9.8 ± 0.3 9.9 ± 0.1
log10 GBS lung (CFU) (after 5 h) 11.2 ± 0.5a 9.9 ± 0.3 9.7 ± 0.5
CLmax (ml/cmH2O/kg) 1.3 ± 0.7∗ 5.0 ± 1.6 5.8 ± 1.6
TLC35 (ml/kg) 24 ± 8∗ 59 ± 15 69 ± 14
V5 (ml/kg) 11 ± 6∗ 39 ± 11∗∗ 51 ± 14
Protein (mg/ml) 1.39 ± 0.54∗ 0.79 ± 0.19 0.8 ± 0.18
MawP (cmH2O)

1 h 11.2 ± 1.5∗ 14.8 ± 1.4∗∗ 20.4 ± 0.7
3 h 12.2 ± 1.9∗ 14.9 ± 1.2∗∗ 20 ± 0.7
5 h 10.3 ± 0.6 13.5 ± 1.7∗∗ 20.8 ± 0.7

PEEP (cmH2O)
1 h 4.5 ± 0.7∗ 10.9 ± 0.9∗∗ 15 ± 0.0
3 h 4.9 ± 1.0∗ 10.8 ± 0.9∗∗ 15 ± 0.0
5 h 4.0 ± 0.0 9.1 ± 1.5∗∗ 15 ± 0.0

PA (cmH2O)
1 h 19.5 ± 3.0∗ 7.2 ± 1.1∗∗ 10 ± 0.8
3 h 21.6 ± 4.25∗ 8.1 ± 0.7 9.4 ± 1.1
5 h 18.0 ± 1.7 8.8 ± 0.8∗∗ 11 ± 1.0

VTEX (cmH2O)
1 h 7.3 ± 0.8∗ 6.0 ± 0.3 6.2 ± 0.3
3 h 6.6 ± 0.7 6.0 ± 0.4 6.1 ± 0.1
5 h 7.3 ± 1.2 6.3 ± 0.4 6.0 ± 0.3

∗ p < 0.05 vs. OLC and high PEEP, ∗∗ p < 0.05 vs. high PEEP
a p < 0.001 vs. GBS injected, OLC, and high-PEEP

Fig. 1 Kaplan–Meier curves showing the percentage of animals in
each group with negative blood cultures during the 5-h ventilation
period. ConV, lavaged + GBS + conventional ventilation (triangles);
OLC, lavaged + GBS + open lung ventilation (circles); high PEEP
lavaged + GBS + high-PEEP ventilation (squares). a p < 0.01 OLC
vs. ConV and high PEEP in time to bacteremia

group and was also significantly higher than in the OLC
and high-PEEP groups. There was neither bacterial growth
nor clearance in the latter two groups (Table 1). All but
one animal in the ConV group had GBS positive blood

Fig. 2 Changes (mean ± SD) in PaO2 levels in the three groups.
H, healthy baseline value; L , after lavage; ConV, lavaged + GBS +
conventional ventilation (triangles); OLC, lavaged + GBS + open
lung ventilation (circles); high PEEP, lavaged + GBS + high-PEEP
ventilation (squares). a p < 0.05 vs. the two other groups

cultures, with a mean time to bacteremia of 102 ± 23 min
(Fig. 1). All animals in the high-PEEP group had positive
blood cultures at the end of the ventilation period, with
a mean time to bacteremia of 83 ± 16 min. The use of
OLC ventilation resulted in a significant increase in time
to bacteremia (210 ± 33 min), with six of the ten animals
being GBS blood positive after 5 h of ventilation. In the
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ConV group oxygenation was severely impaired and
did not improve from postlavage values throughout the
5 h ventilation period (Fig. 2). Ventilation according to
the OLC significantly improved oxygenation to healthy
baseline levels for the remainder of the experiment. The
animals in the high-PEEP group also showed improved
oxygenation but significantly less than those in the OLC
group. All ten animals in the ConV group vs. only one
in the OLC group and four in the high-PEEP group
required volume support (p< 0.05). Similarly, all but one
animal in the ConV group but no animal in the other
groups required dopamine infusion (p< 0.05). P/V curves
recorded postmortem showed a severe deterioration in
lung function in the ConV group but not in the OLC or the
high-PEEP group (Table 1). Alveolar protein influx was
most severe in the ConV group. There was no difference
in BAL protein content between the high-PEEP and OLC
groups (Table 1).

Discussion

The present study demonstrates that open lung ventilation
with end-expiratory pressures higher than required for op-
timal gas exchange promotes bacterial translocation (time
to bacteremia). At the same time, growth of bacteria in
lungs remains similar as with open lung ventilation with
optimal PEEP.

In a previous study we showed that bacterial growth
and translocation can be attenuated by reducing atelecta-
sis in an ARDS model of experimental pneumonia [11]. It
was concluded that using individualized OLC resulted in
less volutrauma and atelectrauma and therefore in fewer
permeability disturbances with subsequently less bacterial
translocation [11]. Interestingly, in the present study using
a universal high PEEP (approx. 5 cmH2O higher than re-
quired for optimal gas exchange as indicated by the OLC

group) resulted in bacterial translocation rates as severe
as in the ConV group. On the other hand, applying these
settings prevented an influx of proteins and fluids in the
alveolar space and a deterioration in lung function. How-
ever, the latter does not necessarily mean that the alveolar-
capillary permeability was not increased in the high-PEEP
group. Applying a small tidal volume upon a higher than
necessary PEEP probably prevents atelectrauma, but it still
leads to alveolar overdistension due to high end-inspiratory
stretch. It is conceivable that the high PEEP levels pre-
vented the influx of fluids and proteins into the alveolar
space but not the efflux of bacteria into the blood stream.

This study has several limitations. First, we used saline
lavage to create an experimental ARDS model, which may
not fully reflect all aspects of this disease. Furthermore,
findings as presented in this study may in part be specific
to this animal model. Second, this study investigated the
impact of PEEP in a model of developing pneumonia and
the reported results may not be applicable to models with
already established pneumonia.

Despite these limitations we think the present study is
still of clinical relevance. It is known that patients with
ARDS have an increased risk of pulmonary infection and
often succumb to dissemination of the pulmonary infec-
tion with overwhelming sepsis and multiple organ fail-
ure [13, 14]. The present study indicates that the ventila-
tion strategy directly affects the incidence and degree of
bacterial translocation, showing that optimal ventilation
according to the OLC may be beneficial in reducing
the occurrence of bacteremia and sepsis in patients at
risk. Deviation from these settings (to either side) can be
harmful, as shown by the increased bacterial translocation
in the ConV and high-PEEP groups.
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