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Abstract Objective: To describe
the time course of the changes in
pulmonary and vascular function,
and systemic inflammation induced
by injurious mechanical ventilation.
Design: Experimental study in an
animal model of ventilator-induced
lung injury. Setting: Animal research
laboratory. Methods: Anesthetized
male adult Sprague-Dawley rats were
ventilated with VT 9 ml/kg and PEEP
5 cm H2O, or VT 35 ml/kg and zero
PEEP for 1 h, and were killed. Other
rats received ventilation for 1 h with
high VT, to observe survival (n = 36),
or to be monitored and killed at differ-
ent points in time (24, 72 and 168 h;
n = 7 in each group). Blood samples
for measuring biochemical param-
eters were obtained. Post-mortem,
a bronchoalveolar lavage (BAL) was
performed, the aorta and pulmonary
microvessels were isolated to examine
ex-vivo vascular responses and pul-
monary slices were examined (light
microscopy). Measurements and
results: Mortality in rats ventilated
with high VT was 19 of 36 (54%).

Mechanical ventilation was associ-
ated with hypotension, hypoxaemia
and membrane hyaline formation.
AST, ALT, IL-6, MIP-2 serum and
BAL fluid concentrations, as well
as VEGF BAL fluid concentration,
were increased in rats ventilated
with high VT. Lung injury score was
elevated. Aortic vascular responses
to acetylcholine and norepinephrine,
and microvascular responses to
acetylcholine, were impaired. These
changes resolved by 24–72 h. Con-
clusions: Injurious ventilation is
associated with respiratory and vas-
cular dysfunction, accompanied by
pulmonary and systemic inflamma-
tion. The survival rate was about
50%. In survivors, most induced
changes completely normalized by
24–72 h after the insult.

Keywords Mechanical ventilation ·
Inflammation · Organ dysfunction ·
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Vascular dysfunction

Introduction

Mechanical ventilation using high tidal volumes (VT)
causes pulmonary inflammation and high permeabil-
ity pulmonary oedema (ventilator induced lung injury,
VILI) [1, 2]. Recent studies have shown that pulmonary
dysfunction in VILI is accompanied by systemic inflam-
mation and dysfunction of other organs [3–14]. High tidal
volume ventilation has been shown to cause systemic

inflammation [5], intestinal and renal apoptosis [7], renal
dysfunction [8], vascular dysfunction [9–11] and intestinal
hyperpermeability [12].

We hypothesized that severe VILI leads to changes in
the structure and function of the lung that, despite discon-
tinuation of the insult, result in overwhelming mortality. In
those animals that survive otherwise fatal biophysical in-
jury, the process of repair ensues and over time changes
associated with VILI are reversed.
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Advancement in the knowledge of this field is
clinically pertinent and of translational relevance as
understanding the process of recovery (repair, survival
or resistance to injury) becomes important in trying to
identify novel therapies for VILI. Therapeutic alternatives
that accelerate repair or promote resistance (similar to that
seen in survivors) can become an option for treatment in
the future.

Material and methods

Animals and instrumentation

Animals were treated following the Principles of Labora-
tory Animal Care (UE 609/86 CEE, Real Decreto
223/88 BOE-18/03). Male Sprague-Dawley rats (Uni-
versidad Autónoma de Madrid), weighing (mean ± SD)
340 ± 15 g, were anesthetized with i.p. boluses of di-
azepam (15 mg/kg) and ketamine (75 mg/kg) as needed.
A surgical tracheotomy was performed and a 14-G can-
nula inserted and connected to a mechanical ventilator
(Babylog 8000 Plus, Dräger, Lübeck, Germany). An
arterial catheter (Pd 23, Gould, Cleveland, OH, USA) was
inserted into the left carotid artery, and another catheter
(G18, Vygon, Ecouen, France) was introduced into the
oesophagus. A small laparotomy was performed and the
abdominal aorta was carefully dissected to place a Doppler
blood flow probe around the aorta just above the renal
artery.

Protocol

Rats were randomly assigned to two ventilation groups:
the control group, ventilated with the protective (low
VT, PEEP = 5 cm H2O) strategy (n = 7); and the over-
ventilated group, ventilated with the injurious (high VT,
PEEP = 0 cm H2O) strategy (n = 7). In both groups respi-
ratory rate was 67 bpm (inspiratory time 0.3 s, expiratory
time 0.6 s), and FiO2 0.45. Dead space ventilation was
increased in animals ventilated with high VT to attain
comparable values of PaCO2 in the two groups.

After 1 h of ventilation, VT was set at 9 ml/kg in all
rats, and measurements (see below) were performed under
these ventilatory conditions. Thereafter, rats in these two
groups were killed.

Other rats received ventilation for 1 h with high VT,
had their tracheotomy closed and sutured, and were sent
back to their cages breathing room air. Long-term survival
was observed every 6 h in 36 rats.

Additional rats were ventilated for 1 h to be monitored
and killed at 24, 72 and 168 h, until a sample size of n = 7
in each group was completed. At the specified points in
time, rats were anesthetized, had their tracheostomy re-
opened, were intubated, ventilated with VT = 9 ml/kg and

PEEP = 5 mmHg, and instrumented as indicated above.
Measurements and blood sampling were performed after
a 10-min stabilization period and then rats were killed by
exsanguination. No fluid resuscitation was administered
during the experiments.

Post-mortem, a bronchoalveolar lavage (BAL) was per-
formed, by instilling 5 ml of saline. The aorta was removed
and pulmonary microvessels were carefully dissected from
the right lower lobe.

Measurements

Haemodynamic and respiratory measurements

Mean arterial blood pressure (MAP, Hewlett Packard,
model 66s, Midvale, UT, USA), aortic blood flow (QAo,
Transonics Systems, Ithaca, NY, USA), and oesophageal
pressure (PES) were measured. Positive end-expiratory
pressure (PEEP), peak inspiratory pressure (PIP), mean
airway pressure (PAW), VT and respiratory system
compliance were monitored using ventilator transducers.
Systemic vascular resistance was estimated by the quotient
MAP/QAo. All measurements were made at VT 9 ml/kg.

Biochemical measurements

Arterial blood gases (Gem Premier 3000, IL Instrumenta-
tion Laboratory, Barcelona, Spain), lactate concentration,
aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), lactate dehydrogenase (LDH; Integra 700,
Roche Diagnostics, Basel, Switzerland) and vascular
endothelial growth factor (VEGF), macrophage inhibitory
protein (MIP)-2 and interleukin (IL)-6 serum concen-
trations (rat-specific immunoassay kits, R&D Systems,
Minneapolis, MN, USA) were determined. This assay
measures biologically active murine VEGF120 and
VEGF164, and we cannot exclude the possibility that other
biologically active forms of VEGF were altered in the
experiment. The BAL fluid was used for the determinaton
of red blood cell (RBC) and white blood cell (WBC)
count, and protein, AST, ALT, LDH, IL-6, VEGF and
MIP-2 concentrations.

Histological analysis

Lung tissue from all study groups and from non-survivors
after the injurious mechanical ventilation strategy were
analysed. The right lung was used to measure the wet/dry
weight ratio (W/D) [15]. The left lung was removed and
expanded with intratracheal instillation of 10% formalde-
hyde with a pressure of 20 cm H2O. Findings under light
microscopy were assessed by two independent patholo-
gists, blinded as per the study group. A modified lung
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injury score [16] was used. Ten random high-power fields
for each section were examined under light microscopy
(hematoxylin and eosin, 40×), and a score of 0, 1, 2
or 3 was assigned if none, one, two or more than two
membranes were found, respectively. The mean of all
values of the examined fields was assigned as a measure
of the degree of lung injury.

Isometric tension recording of aortic segments and
pulmonary microvessels

For isometric tension recording vascular rings (six aortic
rings and four pulmonary microvascular rings per rat)
were mounted in organ baths (KHS at 37°C, bubbled
with 95% O2 and 5% CO2, pH 7.40). Microvessels
were studied in a Mulvany myograph. The technician
analyzing vascular responses was blind as per the study
group. Transducer outputs were amplified and recorded
in a polygraph (model FTO3, Grass Instruments, Quincy,
Mass., USA). Vessels were stretched to their optimal
resting tension. The functional integrity of each vascular
ring was checked by exposing the tissue to potassium
75 mM. Responses to norepinephrine (1 nM to 10 µM)

Table 1 Haemodynamic, respiratory, biochemical and BAL fluid
measurements. MAP, mean arterial pressure; Q Ao , aortic blood
flow; SVR, systemic vascular resistance; PIP, peak inspiratory

airway pressure; PAW , airway pressure; PES, oesophageal pressure;
CRS, respiratory system compliance; RBC, red blood cells; WBC,
white blood cells; BAL, bronchoalveolar

Control 1 h 24 h 72 h 168 h p-value

Haemodynamic parameters
MAP (mmHg) 130 ± 4 88 ± 7∗ 83 ± 10∗ 103 ± 9∗ 126 ± 4 0.001
QAo (ml s−1 kg−1) 37 ± 3 13 ± 3∗ 38 ± 4 31 ± 2 34 ± 4 0.001
SVR (AU) 30 ± 3 75 ± 26∗ 18 ± 1 24 ± 3 30 ± 2 0.012

Respiratory parameters
PIP (cm H2O) 16.3 ± 0.6 29.7 ± 0.6∗ 20.3 ± 1.5∗ 17.1 ± 0.6 16.5 ± 1.1 0.001
Mean PAW (cm H2O) 8.0 ± 0.2 12.0 ± 1.5∗ 8.5 ± 0.4 7.9 ± 0.2 9.1 ± 0.8 0.004
PES (cm H2O) 6.6 ± 0.3 7.5 ± 0.2 8.0 ± 0.6 6.7 ± 0.2 7.7 ± 0.6 0.09
CRS (ml/mmHg) 0.31 ± 0.05 0.14 ± 0.01∗ 0.23 ± 0.07 0.32 ± 0.07 0.33 ± 0.10 0.001
Lung injury score 0 ± 0 22 ± 3∗ 3 ± 2 0 ± 0 0 ± 0 0.010
Wet/dry weight ratio 4.9 ± 0.2 8.2 ± 0.4∗ 7.4 ± 0.3∗ 6.4 ± 0.4∗ 6.3 ± 0.2∗ 0.001

Biochemical measurements
pH 7.26 ± 0.04 7.08 ± 0.12∗ 7.32 ± 0.07 7.32 ± 0.04 7.31 ± 0.04 0.001
HCO3 (mmHg) 19.0 ± 1.0 12.5 ± 1.4∗ 14.0 ± 0.8∗ 14.3 ± 0.7∗ 15.5 ± 0.6∗ 0.001
PaO2 (mmHg) 142 ± 7 80 ± 15∗ 139 ± 5 137 ± 8 138 ± 7 0.001
PaCO2 (mmHg) 40 ± 1 40 ± 4 34 ± 3 29 ± 1∗ 32 ± 2∗ 0.010
Lactate (mmol/l) 3.5 ± 0.3 4.2 ± 0.8 5.2 ± 0.4 5.0 ± 0.6 4.0 ± 0.4 0.17
Creatinine (mg/dl) 0.63 ± 0.11 0.84 ± 0.10∗ 0.77 ± 0.05∗ 0.80 ± 0.05∗ 0.69 ± 0.08 0.001

BAL fluid measurements
Proteins (mg/dl) 18 ± 4 519 ± 163∗ 173 ± 36 90 ± 33 22 ± 5 0.001
RBC count (cells/mm3) 250 ± 79 4091 ± 630∗ 2888 ± 665∗ 525 ± 201 945 ± 404 0.001
WBC count (cells/mm3) 302 ± 29 140 ± 73 2235 ± 1317 1235 ± 714 174 ± 48 0.15

Data are mean ± SE
Control and overventilated rats received mechanical ventilation with VT = 9 ml/kg and PEEP = 0, or VT = 35 ml/kg and PEEP = 5 cm H2O,
respectively, for 1 h. Overventilated rats were killed immediately thereafter (1 h) or at 24, 72 or 168 h PIP, and mean PAW were measured
in all rats with VT = 9 ml/kg
The p-value indicates the overall significance of the differences between groups (one-way ANOVA). ∗ p < 0.05 vs. control group (LSD
post-hoc test). All groups n = 7

and acetylcholine (10 nM to 10 µM) were studied
in resting and norepinephrine-precontracted vessels,
respectively.

Statistical methods

Means between the different groups were compared by
one-way ANOVA and post-hoc least significant difference
(LSD) test (SPSS version 11.0). Univariate an multivariate
backward linear regression analysis was performed to
determine the correlation between several independent
variables and a given dependent variable. Values are
means ± SEM. Significance was considered at a p-value
of less than 0.05.

Results

Survival

For the survival study, 36 rats underwent high VT ventila-
tion. Mortality is this group was 19 (54%), and the remain-
ing 17 survived 168 h All non-survivors died during the
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first 6 h Other rats (n = 53) underwent high VT ventilation,
to form groups that were to be killed at different points in
time. Seven rats were used for the group killed at 1 h; of
the remaining 46, 21 survived to form groups killed at 24,
72 and 168 h (n = 7 at each point in time).

Haemodynamic parameters

Mean arterial pressure was significantly lower in rats ven-
tilated with high VT than in controls at 1, 24 and 72 h
after the insult. Aortic blood flow was lower than in con-
trols only at 1 h (Table 1). Estimated vascular resistance
was high at 1 h.

Respiratory system mechanics

Rats ventilated with high VT showed at 1 and 24 h after
starting mechanical ventilation a significant increase
in PIP. Mean PAW was higher and respiratory system
compliance was lower than in the control group only at

Fig. 1 Serum and BAL fluid concentrations of interleukin-6 (IL-6), macrophage inhibitory protein-2 (MIP-2) and vascular endothelial
growth factor (VEGF). Study groups as indicated in Table 1. All values are pg/ml. Data are mean ± SE. *p < 0.05 vs. control group

1 h. The wet/dry weight ratio was increased at 1 h and
remained higher than baseline throughout the observation
period (Table 1).

Gas exchange and selected biochemical measurements

Rats ventilated with high VT showed 1 h after starting me-
chanical ventilation impaired gas exchange, whereas oxy-
genation was normal after extubation. There was arterial
blood acidosis at 1 h, and bicarbonate was lower than in
controls from 1 to 168 h. Serum creatinine concentration
increased slightly but significantly over time (Table 1).

Serum biochemical and inflammatory markers

Rats ventilated with high VT showed, 1 h after starting
mechanical ventilation, higher serum levels of AST, ALT,
LDH, IL-6 and MIP-2 as compared with the control group,
and normalized thereafter. No differences in VEGF levels
were found in the different groups (Fig. 1; Table 2).
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Table 2 Selected biochemical measurements

Control 1 h 24 h 72 h 168 h p-value

Serum
AST(U/L) 77 ± 11 249 ± 57∗ 136 ± 26 81 ± 7 85 ± 9 0.001
ALT (U/L) 42 ± 3 96 ± 20∗ 60 ± 16 50 ± 6 55 ± 6 0.001
LDH (U/L) 304 ± 29 1309 ± 354∗ 465 ± 199 290 ± 40 258 ± 32 0.002

BAL fluid
AST(U/L) 22 ± 4 146 ± 35∗ 47 ± 13 32 ± 6 38 ± 7 0.001
ALT (U/L) 6 ± 2 45 ± 9∗ 9 ± 2 6 ± 1 10 ± 2 0.024
LDH (U/L) 53 ± 12 658 ± 125∗ 252 ± 62 383 ± 151 167 ± 49 0.001

BAL/serum ratio
AST 0.34 ± 0.9 0.70 ± 0.17 0.46 ± 018 0.39 ± 0.06 0.45 ± 0.06 0.29
ALT 0.15 ± 0.04 0.58 ± 0.15∗ 0.20 ± 0.06 0.14 ± 0.02 0.18 ± 0.04 0.001
IL-6 1.07 ± 0.21 1.78 ± 0.34 5.89 ± 2.46 8.25 ± 2.75∗ 3.50 ± 1.04 0.04
MIP-2 0.70 ± 0.16 0.87 ± 0.21 1.28 ± 0.15 0.87 ± 0.14 1.18 ± 0.14 0.11
VEGF 3.67 ± 0.77 3.56 ± 0.58 7.63 ± 0.98∗ 5.01 ± 1.16 2.70 ± 0.57 0.005
LDH 0.19 ± 0.05 0.72 ± 0.23 0.86 ± 0.28 1.63 ± 71 0.83 ± 0.36 0.17

BAL fluid biochemical and inflammatory markers

Rats ventilated with high VT showed, 1 h after starting
mechanical ventilation, higher BAL fluid concentration
of proteins, AST, ALT, LDH, IL-6, MIP-2 and a greater
number of RBCs (Tables 1, 2) as compared with the
control group. All these measurements were not different
from controls at 24 h, except for IL-6 and RBCs, which
remained significantly high at 72 h. The VEGF BAL fluid
only increased at 24 h, and at 72 h levels were normal
(Fig. 1; Table 1, 2).

ALT (at 1 h), IL-6 (at 72 h) and VEGF (at 24 h) BAL
fluid/serum concentration ratios were higher than baseline.

Vascular function

Aortic vessels

There was a significant impairment in the vascular re-
sponses to both norepinephrine (p < 0.01) and acetyl-

Fig. 2 Vascular reactivity to norepinephrine and acetylcholine.
a Norepinephrine-induced contractions of resting aortic rings.
b Acetylcholine-induced relaxations of norepinephrine pre-contract-
ed aortic rings. c Acetylcholine-induced relaxations of norepin-

ephrine pre-contracted pulmonary microvessels. Study groups as
indicated in Table 1. Data are mean ± SE. *p < 0.05 vs. control
group

choline (p < 0.001) at 1, 24 and 72 h, as compared with the
control group. Responses at 168 h were normal (Fig. 2).

Pulmonary microvessels

Vascular responses to acetylcholine were normal at 1 h;
however, there was a significant impairment (p < 0.05) at
24 h, as compared with the control group. Responses nor-
malized at 72 h (Fig. 2).

Histology

At light microscopy, capillary congestion, interstitial
oedema, type-I pneumocyte necrosis and hyaline mem-
brane formation covering the denuded epithelial surface
were present in all lungs at 1 h, and in 2 of 14 from the
group killed at 24 h (Fig. 3). No significant changes were
observed at 72 and 168 h.

The lung injury score was significantly higher than in
controls at 1 h, but the difference did not reach statistical
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Fig. 3 Photomicrographs of lung tissue slices (light microscopy)
show capillary congestion, interstitial oedema and hyaline mem-
brane formation at 1 h of injurious mechanical ventilation, and

progressive resolution of those changes at 24, 72 and 168 h after
having received injurious mechanical ventilation

significance at 24 h (Table 1). Non-survivors showed
a comparable degree of morphological injury as survivors
at 1 h (21 ± 3 vs. 22 ± 3, respectively, p = 0.71).

Relationship between cytokine concentrations and
haemodynamic, pulmonary and renal parameters

The MAP correlated significantly with IL-6 (r2 = 0.43,
p < 0.001) and MIP-2 BAL fluid concentration (r2 = 0.25,
p = 0.005), but not with IL-6, MIP-2 or VEGF serum
concentration or VEGF BAL fluid concentration. In
multivariate analysis, including in the model all cyto-
kines measured, only IL-6 BAL fluid concentration was
significantly associated with MAP (r2 = 0.48, p = 0.001).

Lung injury score correlated with IL-6 serum con-
centration (r2 = 0.33, p = 0.001) as well as with MIP-2
serum (r2 = 0.40, p < 0.001) and BAL fluid concentration

(r2 = 0.30, p = 0.002), but not with IL-6 BAL fluid con-
centration or VEGF serum or BAL fluid concentration. In
multivariate analysis, including in the model all measured
cytokines, only IL-6 serum concentration (r2 = 0.61,
p < 0.001) was associated with the lung injury score.

Serum creatinine concentration correlated with MAP
(r2 = 0.30, p = 0.001) and MIP-2 serum concentration
(r2 = 0.19, p = 0.02). In a multivariate model MAP,
and including all other measured cytokines (r2 = 0.39,
p = 0.001), MAP (p = 0.003), but not MIP-2 serum
concentration (p = 0.059), was associated with serum
creatinine concentration.

Discussion

The main finding of this study is that the pulmonary
and cardiovascular injuries, as well as the accompanying
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release of local and systemic inflammatory mediators in-
duced by injurious mechanical ventilation, were reversible
24–72 h after the insult was discontinued.

The ventilatory strategy used was associated with
membrane hyaline formation in the lungs, worsened gas
exchange, hypotension, elevation of serum AST, ALT
and LDH, renal dysfunction, vascular dysfunction in
pulmonary and extra pulmonary vessels, and increased
systemic (IL-6, MIP-2 in the serum) and lung (IL-6,
MIP-2, VEGF in the BAL fluid) inflammatory mediators.
Although it is known that injurious mechanical ventilation
induces pulmonary and systemic inflammation [3–12], the
time course and reversibility of these abnormalities have
not been previously analyzed; thus, as described below,
this model can be portrayed as a model of pulmonary
epithelial cell injury, loss of compartimentalization of
the inflammatory response and VILI-induced shock and
recovery.

Pulmonary function and morphological changes

Injurious mechanical ventilation was associated with im-
pairment in gas exchange, a decrease in respiratory sys-
tem compliance and membrane hyaline formation. These
findings are in keeping with previous studies showing pul-
monary inflammation after high VT ventilation [2–8, 10].
In the context of high VT-induced mechanical disruption
of the pulmonary parenchyma followed by inflammation,
there was an increase in BAL fluid RBC count and pro-
tein concentration at 1 h after starting mechanical venti-
lation. We cannot explain the elevation of peak PAW at
24 h, after decreasing VT, coinciding with a normalization
of mean PAW. This could be due to increased airway re-
sistance as a result of oedema (persistent increased lung
wet/dry weight ratio).

Morphological changes as seen at light microscopy
completely disappeared at 72 h, and no abnormalities or
signs of tissue fibrosis could be observed at this point in
time or thereafter.

Changes in inflammatory mediators and markers of cell
injury

The increase in AST, ALT, LDH, IL-6 and MIP-2 serum
concentrations indicate cell damage and systemic in-
flammation induced by injurious mechanical ventilation.
Changes consistent with cell damage and pulmonary
inflammation were also observed in the lung.

The high BAL fluid/serum concentration ratios of IL-6
and VEGF suggest pulmonary production of these cyto-
kines, with loss of compartimentalization of the inflamma-
tory response. It is also possible that these mediators are
leaking into the lung from the circulation and simply not
being cleared.

Our findings of systemic and pulmonary cytokine re-
lease, accompanied by pulmonary oedema and membrane
hyaline formation, are in line with previous knowledge
about the biological changes related to VILI [2, 17–20].
The correlation we found between the lung injury score
and IL-6 serum concentration favours the hypothesis of
the systemic pro-inflammatory role of the injured lung.

In our study, increased VEGF BAL levels in rats
undergoing injurious mechanical ventilation might in-
crease vascular permeability, coinciding with the increase
in IL-6 BAL fluid levels, or might reflect an ongoing
vascular repair process [21–26]; however, as we did not
find a correlation between VEGF concentrations (either
in the serum or in the BAL fluid) and lung injury score,
IL-6 or PaO2 (data not given), we cannot favour any of the
above-mentioned hypotheses.

Renal function

Serum creatinine concentration was very slightly, but sig-
nificantly, increased up to 72 h in animals receiving high
VT ventilation. The correlation of this change with MAP
points toward a possible pre-renal origin of this slight
change in serum creatinine, although, given the almost
significant correlation with MIP-2 serum concentration,
we cannot rule out systemic inflammation-induced renal
dysfunction, as has been previously reported [8].

Vascular function

We found in rats undergoing injurious ventilation hypoten-
sion and, ex vivo, decreased contractile response of aor-
tic rings, and impaired relaxation of both aortic and pul-
monary microvascular rings.

The early (at 1 h) hypotension in our study could be
explained by haemodynamic changes related to large
swings in intrathoracic pressure; however, the progressive
nature of the blood pressure decline observed during 1 h of
injurious mechanical ventilation, the absence of significant
changes in oesophageal pressure, and the persistence of
the hypotension at 24 and 72 h (measured under con-
ditions of low tidal volume ventilation) argue against
a primarily haemodynamic effect explaining the hypo-
tension.

The hypotension and the ex-vivo vascular dysfunction
could be explained by the inflammatory response induced
by the injurious mechanical ventilation. A mechanical
effect on the vessels studied, related to cyclic changes in
intrathoracic mechanical conditions, could also explain
the abnormal ex-vivo vascular function. We cannot prove
a cytokine-mediated loss of vascular tone as the cause of
hypotension, as the decrease in SVR at 24 and 72 h as
compared with baseline did not reach statistical signifi-
cance; however, we think that hypotension was due to
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vasodilation rather than to decreased systemic blood flow,
since QAo at these points in time was similar to base-
line. Hypotension associated with injurious mechanical
ventilation has been previously described [10, 27]. The
mechanisms of the reported vascular dysfunction were not
specifically addressed in the present study. The correlation
between MAP and IL-6 BAL fluid concentration suggests,
but does not prove, the role of the injured lung in vascular
dysfunction in this model.

Limitations of the study

Although our design (temporary mechanical ventilation in-
sult followed by extubation and observation for a period of
time) has no immediate clinical correlate, it does allow for
the observation of the time course of several physiological,
biochemical and histological changes.

The observation of changes over time in (surviving)
rats is inevitably associated with a survival bias.

We chose as controls animals ventilated with low VT
for 1 h, as the assumption that these non-injured animals
would not show changes over time was reasonable. Admit-
tedly, a more appropriate approach would have been to re-
intubate these animals (low VT group) at different points
in time for comparison with the high VT group.

Our study describes the time pattern of biochemical
and some organ function changes after a pulmonary insult,
and the mechanism of death has not been addressed. The
lack of morphological analysis of non-pulmonary organs

in the present study limits our knowledge of the extension
of organ damage and the cause of death in VILI.

As no specific infection prevention measures were
undertaken, the vascular abnormalities described could in
theory be explained by infection.

Our study design did not allow us to determine the
cause of death among non-survivors in this model of VILI.
The comparable degree of lung morphological injury in
non-survivors at the time of death (occurring from 1 to 6 h)
and in survivors at 1 h does not support respiratory failure
as the cause of death, although this is still possible. The
remaining injury in survivors could represent shock, in the
context of cytokine release, or perhaps bacterial translo-
cation from the gut or the lung, or ischemia-reperfusion
injury.

Conclusion
In conclusion, we report respiratory and vascular dys-
function induced by injurious ventilation, accompanied
by pulmonary and systemic inflammation. In survivors,
most of the observed changes are transient and normalize
by 24–72 h after the insult, whereas others (pulmonary
oedema, and acidosis) persisted for the entire observation
period. More studies are needed to investigate interven-
tions that modulate the response to injurious ventilation,
as well as the mechanism of death.
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