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Abstract Purpose: The goal of
the study was to compare the effects
of different assisted ventilation modes
with pressure controlled ventilation
(PCV) on lung histology, arterial
blood gases, inflammatory and fibro-
genic mediators in experimental acute
lung injury (ALI). Methods: Para-
quat-induced ALI rats were studied.
At 24 h, animals were anaesthetised
and further randomized as follows
(n = 6/group): (1) pressure controlled
ventilation mode (PCV) with tidal
volume (VT) = 6 ml/kg and inspira-
tory to expiratory ratio (I:E) = 1:2;
(2) three assisted ventilation modes:
(a) assist-pressure controlled ventila-
tion (APCV1:2) with I:E = 1:2, (b)
APCV1:1 with I:E = 1:1; and (c)
biphasic positive airway pressure and
pressure support ventilation (Bi-
Vent ? PSV), and (3) spontaneous
breathing without PEEP in air. PCV,
APCV1:1, and APCV1:2 were set
with Pinsp = 10 cmH2O and
PEEP = 5 cmH2O. BiVent ? PSV
was set with two levels of CPAP
[inspiratory pressure

(PHigh = 10 cmH2O) and positive
end-expiratory pressure
(PLow = 5 cmH2O)] and inspiratory/
expiratory times: THigh = 0.3 s and
TLow = 0.3 s. PSV was set as fol-
lows: 2 cmH2O above PHigh and 7
cmH2O above PLow. All rats were
mechanically ventilated in air and
PEEP = 5 cmH2O for 1 h. Results:
Assisted ventilation modes led to
better functional improvement and
less lung injury compared to PCV.
APCV1:1 and BiVent ? PSV pre-
sented similar oxygenation levels,
which were higher than in APCV1:2.
Bivent ? PSV led to less alveolar
epithelium injury and lower expres-
sion of tumour necrosis factor-a,
interleukin-6, and type III procolla-
gen. Conclusions: In this
experimental ALI model, assisted
ventilation modes presented greater
beneficial effects on respiratory
function and a reduction in lung
injury compared to PCV. Among
assisted ventilation modes,
Bi-Vent ? PSV demonstrated better
functional results with less lung
damage and expression of inflamma-
tory mediators.
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Introduction

Assisted mechanical ventilation is frequently used in
acute lung injury (ALI) and during the weaning process
[1] as it requires less sedation and no paralysis thus pre-
venting muscle atrophy [2, 3] and haemodynamic
impairment [4–6], and reducing the time required for
invasive ventilatory support as well as the length of stay
in the intensive care unit [7]. The activation of the
respiratory muscles induces more negative pleural pres-
sures during inspiration diminishing atelectasis,
improving oxygenation, and reducing mechanical stress.
Conversely, spontaneous breathing during assisted
mechanical ventilation may exacerbate lung injury, since
it can increase patient-ventilator asynchrony and rapid
shallow breathing, inducing further atelectasis and tidal
recruitment–derecruitment [8]. Additionally, negative
pleural pressures may increase intrathoracic blood vol-
ume, worsening pulmonary oedema and lung damage [9].

Pressure limited assisted ventilation modes, such as
pressure assist control (A-PCV), pressure support (PSV),
or airway pressure release (BiVent/APRV) ventilation
have been frequently used [10]. In A-PCV and BiVent/
APRV the inspiratory–expiratory trigger is time-cycled
while in PSV it is flow cycled. The time-cycled inspira-
tory–expiratory triggering has been associated with
increased patient ventilatory asynchrony due to neuro-
mechanical uncoupling [11]. Extended inspiratory and
shortened expiratory time may further improve alveolar
recruitment and reduce lung injury [12, 13]. On the other
hand, an increased inspiratory time could promote higher
lung injury due to increased stress and strain with time
[14–16]. During BiVent/APRV, unrestricted spontaneous
breathing is possible at any moment of the mechanically
supported ventilatory cycle. Since excessive spontaneous
breathing is associated with increased respiratory effort,
the combination of pressure limited time cycled breaths in
BiVent/APRV with PSV has been introduced in new
ventilators [17].

So far, to our knowledge, no experimental study in
ALI has evaluated the impact of assisted ventilation
modes on ventilator associated lung injury (VALI).
Therefore, in an experimental model of mild ALI, we
hypothesized that: (1) compared to pressure controlled
ventilation (PCV), assisted ventilation per se may lead to
less atelectasis resulting in better respiratory function,
lower alveolar stress and strain, with less VALI; and (2)
among pressure assisted ventilation modes, Bi-
Vent ? PSV may be the optimal protective ventilatory
strategy, due to the combination of pressure limited
controlled time cycled and spontaneous flow cycled
breaths. For this purpose, we compared the effects of
different assisted ventilation modes with PCV on lung
histology, arterial blood gases, inflammatory and fibro-
genic mediators in experimental ALI.

Materials and methods

Detailed methods are described in the Electronic Sup-
plementary Material (ESM) accompanying this article,
and briefly summarized here.

Animal preparation and experimental protocol

This study was approved by the Ethics Committee of the
Carlos Chagas Filho Institute of Biophysics, Health Sci-
ences Centre, Federal University of Rio de Janeiro. A
total of 36 Wistar rats (250–300 g) were initially assigned
into two groups. In Control (C, n = 6), sterile saline
solution (0.9% NaCl, 1.0 ml) was intraperitoneally (i. p.)
injected and in acute lung injury (ALI, n = 30) groups,
paraquat (15 mg/kg, i. p.) was administered [18]. Twenty-
four hours after saline or paraquat administration, animals
were sedated (diazepam 1 mg, i. p.), anaesthetised (thio-
pental sodium 20 mg/kg, i. p.), and tracheotomised. A
polyethylene catheter (PE-10) was introduced into the
femoral artery to collect blood sampling (300 ll) and
measure mean arterial pressure (SCIREQ, Montreal,
Canada) (Baseline). The fraction of inspired oxygen
(FiO2) was adjusted to 1.0 and, after 5 min, arterial
oxygen partial pressure (PaO2), arterial carbon dioxide
partial pressure (PaCO2) and pH were measured (i-STAT,
Abbott Laboratories, Illinois, USA). FiO2 was then
reduced to 0.21 to avoid absorption atelectasis and, after
5 min, the Control group was kept in spontaneous venti-
lation (room air) without positive-end expiratory pressure
(PEEP), while ALI groups were further randomized as
follows (n = 6/group): (1) pressure controlled ventilation
mode (PCV) with inspiratory pressure (Pins) sufficient to
achieve a tidal volume (VT) = 6 ml/kg (Pins =
10 cmH2O), and inspiratory time (TI) = 0.2 s, respiratory
rate (RR) = 100 bpm/min, inspiratory to expiratory ratio
(I:E) = 1:2, and PEEP = 5 cmH2O (ALI-PCV); (2) three
assisted ventilation modes: (a) assist-pressure controlled
ventilation (ALI-APCV1:2) with Pins = 10 cmH2O,
PEEP = 5 cmH2O, TI = 0.2 s, RR = 100 bpm, and
I:E = 1:2; (b) assist-pressure controlled ventilation (ALI-
APCV1:1) with Pins = 10 cmH2O, PEEP = 5 cmH2O,
TI = 0.3 s, RR = 100 bpm, and I:E = 1:1; and (c)
biphasic positive airway pressure and pressure support
ventilation (BiVent ? PSV) with two levels of CPAP
[inspiratory pressure (PHigh = 10 cmH2O) and positive
end-expiratory pressure (PLow = 5 cmH2O)] and inspi-
ratory/expiratory times: THigh = 0.3 s and TLow = 0.3 s.
PSV was set as follows: 2 cmH2O above PHigh and
7 cmH2O above PLow; and (3) spontaneous breathing
without PEEP (ALI-NV) in air. Animals were mechani-
cally ventilated in Servo i (MAQUET, Solna, Sweden).
After a 1 h ventilation period, FiO2 was set at 1.0 and,
after 5 min, arterial blood gases were analysed (End).
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Following this step, FiO2 was reduced to 0.21 and, after
5 min, ventilatory and mechanical parameters were
measured. After the ventilation period, a laparotomy was
done immediately after the determination of lung
mechanics (End), and heparin (1,000 IU) was intrave-
nously injected. The trachea was clamped at 5 cmH2O
PEEP in all groups to standardize the pressure condition.
The abdominal aorta and vena cava were sectioned,
yielding a massive haemorrhage that quickly killed the
animals. Lungs were removed en bloc and prepared for
histology (light and electron microscopy) and mRNA
expression of tumour necrosis factor (TNF)-a, interleukin
(IL)-6, interferon (IFN)-c, transforming growth factor
(TGF)-b, and type III procollagen (PCIII) in lung tissue
were measured. A schematic flow chart of study design
and the timeline representation of the procedure are
shown in the electronic supplementary material.

Data acquisition

Airflow, VT, airway (Paw) and oesophageal (Pes) pres-
sures were measured [18]. The durations of inspiration
and expiration and the duration of the respiratory cycle
were measured on the flow signal. Using these variables,
respiratory frequency (f) and minute ventilation (V0E)
were computed. In addition, mean airway pressure and
P0.1 was measured throughout acquisition periods.

Histology

Light microscopy

Right lungs were immersed in 3% buffered formaldehyde,
paraffin embedded, and stained with haematoxylin-eosin.
Volume fraction of the lung occupied by hyperinflated
structures (alveolar ducts, alveolar sacs or alveoli wider
than 120 lm), collapsed alveoli or normal pulmonary
areas were determined by the point-counting technique
[19] at a magnification of 9200 across ten random, non-
coincident microscopic fields [20–22].

Transmission electron microscopy

Three slices 2 9 2 9 2 mm were cut from three different
segments of the lung and fixed [2.5% glutaraldehyde and
phosphate buffer 0.1 M (pH 7.4)] for electron microscopy
analysis (JEOL 1010 Transmission Electron Microscope,
Tokyo, Japan). For each electron microscopy image (15/
animal), the following structural damages were analysed:
(a) alveolar capillary membrane, (b) type II epithelial cells,
and (c) endothelial cells. The pathologic findings were
graded according to a 5-point semi-quantitative severity-
based scoring system as: 0 = normal lung parenchyma,
1 = changes in 1–25%, 2 = changes in 26–50%,

3 = changes in 51–75%, and 4 = changes in 76–100% of
examined tissue [21].

Cytokines mRNA expression using ribonuclease
protection assay

Four animals of each group were submitted to the afore-
mentioned protocols to analyse mRNA expression for
cytokines by using ribonuclease protection assay (RPA).
The in vitro transcription kit and a customized template
set [containing lymphotoxin (LT) a, LTb, TNF-a, IL-6,
IFN-c, IFN-b, TGF-b1, TGF-b2, TGF-b3, macrophage
inflammatory factor (MIF), and two housekeeping ge-
nes glyceraldehyde-3-phosphate-dehydrogenase (GAP-
DH) and L32 (ribosomal RNA)] were used to synthesize a
radiolabeled probe set using [a-32P] UTP. Density of each
cytokine mRNA is expressed relative to that of the
housekeeping gene GAPDH. These values were then
related to C-NV group [23].

Expression of type III procollagen mRNA

Lung parenchyma strips (3 9 3 9 10 mm) were longi-
tudinally cut from left lungs. Quantitative real-time
reverse transcription (RT) polymerase chain reaction
(PCR) was performed to measure the relative levels of
type III procollagen (PCIII) expression. The relative
amount of expression of PCIII was calculated as a ratio of
PCIII and control gene (GAPDH) and expressed as fold
change relative to C.

Statistical analysis

The normality of the data (Kolmogorov–Smirnov test
with Lilliefors’ correction) and the homogeneity of vari-
ances (Levene median test) were tested. If both conditions
were satisfied, the effects of different ventilatory strate-
gies in C and ALI groups were analysed by using one-way
ANOVA followed by Tukey’s test. Otherwise, One-way
ANOVA on ranks followed by Dunn’s post hoc test was
selected. The significance level was always set at 5%. The
parametric data were expressed as mean ± SD, while the
non-parametric data were expressed as median (inter-
quartile range). All tests were performed using SigmaStat
3.1 (Jandel Corporation, San Raphael, CA, USA).

Results

Mean arterial pressure was maintained stable (70–
90 mmHg) throughout the experiments.
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Minute ventilation and tidal volume were higher while
mean airway pressure was lower during assisted breathing
than PCV (Table 1). Among the assisted ventilation
modes, APCV1:2 induced the highest minute ventilation.
Inspiratory pressures were similar in all assisted modes
(Pinsp = 10 cmH2O) as well as the mean airway pressure
(Table 1). P0.1 was lower in BiVent ? PSV compared to
other groups.

ALI groups presented worse oxygenation than C.
Baseline PaO2, PaCO2, and pHa did not differ among ALI
groups (Table 2). After 1 h ventilation, APCV1:1 and
BiVent ? PSV presented similar PaO2 which was higher
than APCV1:2. All assisted ventilation groups showed
better oxygenation, lower PaCO2 and higher pHa com-
pared to ALI-NV and ALI-PCV (Table 2).

ALI animals demonstrated a higher amount of alveolar
collapse than C. Assisted ventilation groups showed a
reduction in alveolar collapse compared to PCV. How-
ever, APCV1:1 led to hyperinflation (Table 3).

All ALI animals presented swelling and injury of
cytoplasmic organelles of type II pneumocyte (PII) with

aberrant lamellar bodies and endothelial injury (Table 4;
Fig. 1). However, in BiVent ? PSV alveolar capillary
damage was less pronounced with no detachment of
alveolar epithelium or denudation of epithelial basement
membrane (Fig. 1).

LT-a, LT-b, IFN-b, TGF-b2, TGF-b3, and MIF
mRNA were not expressed in any groups. TNF-a, IL-6,
IFN-c (Fig. 2a), and PCIII (Fig. 2b) expressions were
lower in assisted ventilation modes. IL-6, IFN-c, TGF-b1
and PCIII expressions were more reduced in Bi-
Vent ? PSV. Among assisted ventilation groups PCIII
expression was higher in APCV1:1 (Fig. 2b).

Discussion

In the present experimental model of mild ALI, the
assisted ventilation modes employed improved gas-
exchange, reduced atelectasis, and inflammatory and
fibrogenic mediators in lung tissue compared to PCV.

Table 1 Ventilatory and mechanical parameters

Ventilatory strategies PCV A-PCV1:2 A-PCV1:1 BiVent ? PSV

V0E (ml/min) 150 ± 0 262 ± 9a 230 ± 9a, b 237 ± 8a, b

VT (ml) 1.5 ± 0.1 2.3 ± 0.7a 2.1 ± 1.1a 2.2 ± 0.5a

CV of VT-assisted, % 4.1 ± 2.5 31.8 ± 3.9a 53.5 ± 4.2a, b 26.9 ± 8.5a, c

RR (bpm) 100 ± 0 114 ± 12 110 ± 8 108 ± 18
PEEP (cmH2O) 5.0 ± 0.2 5.1 ± 0.5 5.0 ± 0.4 5.2 ± 0.2
Pmean, aw (cmH2O) 6.4 ± 0.7 7.6 ± 0.5a 8.0 ± 0.1a 7.9 ± 0.3a

P0.1 (cmH2O) – 3.6 ± 0.8 3.7 ± 1.3 2.6 ± 0.7b, c

Values are means (±SD) of six rats in each group
V0E minute ventilation, VT tidal volume, CV coefficient of variation,
RR respiratory rate, PEEP positive end-expiratory pressure,
Pmean,aw mean airway pressure, P0.1 driving pressure, PCV
pressure controlled mode, APCV1:2 and APCV1:1: assist-pressure
controlled ventilation with I:E = 1:2 and I:E = 1:1, respectively,

BiVent ? PSV biphasic positive airway pressure and pressure
support ventilation
a Significantly different from ALI-PCV (P \ 0.05)
b Significantly different from ALI-APCV1:2 (P \ 0.05)
c Significantly different from ALI-APCV1:1 (P \ 0.05)

Table 2 Arterial blood gases and pHa

Groups C ALI

Ventilatory strategies NV NV PCV APCV1:2 APCV1:1 BiVent ? PSV

PaO2 (mmHg) Baseline 565 ± 11 302 ± 18a 296 ± 21a 307 ± 36a 295 ± 52a 288 ± 24a

End 547 ± 29 282 ± 12a 262 ± 8a 319 ± 15a, b, c 342 ± 14a, b, c, d 358 ± 9a, b, c, d

PaCO2 (mmHg) Baseline 38 ± 1 41 ± 4 40 ± 4 39 ± 5 39 ± 2 39 ± 4
End 37 ± 4 49 ± 3a 46 ± 3a 37 ± 4b, c 35 ± 3c 34 ± 5c

pHa Baseline 7.36 ± 0.02 7.33 ± 0.03 7.33 ± 0.04 7.36 ± 0.02 7.34 ± 0.02 7.34 ± 0.02
End 7.36 ± 0.04 7.25 ± 0.04a 7.27 ± 0.04a 7.37 ± 0.02b, c 7.39 ± 0.04b, c 7.42 ± 0.02b, c

Arterial oxygen partial pressure (PaO2, mmHg), arterial carbon
dioxide partial pressure (PaCO2) and pHa immediately before
(Baseline) and at 1 h mechanical ventilation (End) in Control (C)
and Acute Lung Injury (ALI)
Values are means (± SD) of six rats in each group
NV spontaneously breathing rats, PCV pressure controlled mode,
APCV1:2 and APCV1:1: assist-pressure controlled ventilation with

I:E = 1:2 and I:E = 1:1, respectively, BiVent ? PSV biphasic
positive airway pressure and pressure support ventilation
a Significantly different from C-NV (P \ 0.05)
b Significantly different from ALI-NV (P \ 0.05)
c Significantly different from ALI-PCV (P \ 0.05)
d Significantly different from ALI-APCV1:2 (P \ 0.05)
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Furthermore, BiVent ? PSV led to a lower inspiratory
effort, alveolar capillary membrane injury, and inflam-
matory and fibrogenic mediators compared to A-PCV.

Acute lung injury was induced by paraquat, an her-
bicide that accumulates predominantly in the lung and
induces alveolar epithelial damage due to its action on
type II pneumocytes. This model leads to a well repro-
ducible lung injury characterized by alveolar collapse,
interstitial oedema, and hyaline membranes, but no
alveolar oedema [22], and presents an amount of ate-
lectasis similar to that observed in human ALI/ARDS
[24]. In our study, the controlled mechanical ventilation
group was set with low VT (6 ml/kg) in line with current
recommendations [25]. The level of PEEP was
5 cmH2O, based on previous observations from our
group showing that higher PEEP levels led to deterio-
ration in gas-exchange respiratory mechanics in a similar
ALI model in rats [22, 26]. Moreover, the same driving
pressure, i.e. difference between inspiratory plateau and
end-expiratory pressure, was used during controlled and
assisted ventilation modes, suggesting that the morpho-
functional and molecular differences were probably
related to the type of ventilation, allowing a direct
comparison among the different ventilatory techniques.
Blood gas-analysis was performed with FiO2 = 1.0 to
avoid possible confounding effects of ventilation/

perfusion mismatch in the interpretation of the gas-
exchange data [27]. However, this study was conducted
with FiO2 = 0.21 in order to avoid possible iatrogenic
effects induced by high concentration of oxygen on lung
parenchyma [21, 28]. Mean airway pressure was lower
during PCV compared to other forms of assisted venti-
lation, which presented no significant differences among
A-PCV1:2, A-PCV1:1, and BiVent ? PSV. The I:E time
during PCV was 1:2 comparable to that set during
A-PCV1:2, although I:E may increase during A-PCV
since inspiratory breath may begin before the set expi-
ratory time [29]. Pulmonary histology was evaluated at
comparable airway pressure, thus, the morphometrical
changes reflect only the effects of different modes of
mechanical ventilation. To our knowledge, no prospec-
tive randomized controlled experimental or clinical
study has compared the effects of different assisted
ventilation modes with controlled mechanical ventilation
at the same driving pressure on lung mechanics and
histology, and inflammatory and fibrogenic responses.
Moreover, no study has evaluated the impact of different
I:E ratio during A-PCV and BiVent ? PSV on lung
injury. In fact, previous reports have compared assisted
with controlled mechanical ventilation focusing on
respiratory muscle changes and prevention of muscle
atrophy [30–32].

Table 3 Lung morphometry

Groups C ALI

Ventilatory strategies NV NV PCV APCV1:2 APCV1:1 BiVent ? PSV

Normal (%) 92.4 ± 3.0 41.3 ± 8.1a 36.7 ± 11.0a 70.4 ± 5.5a, b, c 46.7 ± 11.0a, d 77.1 ± 3.1a, b, c, e

Collapse (%) 7.6 ± 2.9 58.7 ± 8.0a 64.3 ± 10.8a 22.3 ± 9.4a, b, c 23.7 ± 9.2a, b, c 20.2 ± 3.0a, b, c

Hyperinflated (%) 0 0 0 7.3 ± 5.6 30.6 ± 14.4a, b, c, d 2.7 ± 2.2e

The volume fraction of the lung occupied by normal pulmonary
areas, collapsed alveoli, and hyperinflated structures in the Control
(C) and Acute Lung Injury (ALI) groups. All values were computed
in ten random, non-coincident fields per rat
Values are mean ± SD of six animals in each group
NV spontaneously breathing rats, PCV pressure controlled mode,
APCV1:2 and APCV1:1: assist-pressure controlled ventilation with

I:E = 1:2 and I:E = 1:1, respectively, BiVent ? PSV biphasic
positive airway pressure and pressure support ventilation
a Significantly different from C-NV (P \ 0.05)
b Significantly different from ALI-NV (P \ 0.05)
c Significantly different from ALI-PCV (P \ 0.05)
d Significantly different from ALI-APCV1:2 (P \ 0.05)
e Significantly different from ALI-APCV1:1 (P \ 0.05)

Table 4 Semi-quantitative analysis of electron microscopy

Groups C ALI

Ventilatory strategies NV NV PCV APCV1:2 APCV1:1 BiVent ? PSV

Alveolar capillary membrane 0 (0–0) 3a (2–3.25) 4a (3–4) 3a (3–4) 3a (3–3.25) 2a, b, c (1.75–2.25)
Type II epithelial cell 0 (0–0) 2a (2–2.25) 3a (2–3) 2a (2–2.25) 3a (2.75–4) 3a (2–3)
Endothelial cell 0 (0–0) 3a (2–3.25) 3a (2–3.25) 3a (2.75–3.25) 3a (3–3.25) 3a (2.75–3.25)

Lung tissue score was done independently by two different inves-
tigators. The pathologic findings were graded according to a 5-point
semi-quantitative severity-based scoring system: 0 = normal lung
parenchyma, 1 = changes in 1–25%, 2 = 26–50%, 3 = 51–75%,
and 4 = 76–100% of the examined tissue. Electron microscopy of
lung parenchyma in the Control (C) and Acute Lung Injury (ALI)

groups. Values are median (25th percentile–75th percentile) of four
to five rats in each group
a Significantly different from C-NV (P \ 0.05)
b Significantly different from ALI-PCV (P \ 0.05)
c Significantly different from ALI-APCV1:2 (P \ 0.05)
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Assisted mechanical ventilation was associated with
better aeration, less atelectasis, and higher VT compared
to PCV leading to an overall increase in total minute
ventilation, oxygenation improvement, and a reduction in
PaCO2. The main determinant of alveolar recruitment is
the transpulmonary pressure achieved at end-inspiration
and end-expiration [33]. During controlled mechanical
ventilation inspiratory airway pressure reflects the
transpulmonary pressure. Conversely, during assisted
ventilation, inspiratory airway pressures may not reflect
the real transpulmonary pressure, being affected by the
reduction in pleural pressure generated by the activation
of the inspiratory respiratory muscles. Since in assisted
ventilation VT was higher and the inspiratory and expi-
ratory airway pressures were comparable to PCV, the
negative pleural pressure generated by inspiratory efforts
could better recruit the atelectatic lung units, in accor-
dance with previous experimental studies [34, 35]. In a
clinical study, Putensen et al. [6] found that oxygenation

and shunt did not differ between PSV and controlled
mechanical ventilation. During PSV a progressive dere-
cruitment may occur due to a decrease in I:E ratio and
mean airway pressure [36], limiting the positive effects on
alveolar recruitment determined by the inspiratory effort.
Our data suggest that time cycled inspiratory–expiratory
triggering may be efficient to avoid alveolar derecruit-
ment observed during the entire flow cycled modes such
as PSV, minimizing differences among different assisted
ventilation modes.

We measured the P0.1 as an indicator of the degree of
inspiratory effort [37]. P0.1 was lower in BiVent ? PSV
compared to A-PCV in spite of equal levels of anaes-
thesia, which may indicate reduced inspiratory effort, a
better adaptation to the ventilator, and a reduction in
inspiratory transpulmonary pressure. In this line, Sassoon
et al. [3] showed that partial respiratory muscle activation
can reduce muscle dysfunction. Henzler et al. [29] found
that A-PCV1:1 led to a decreased respiratory effort

Fig. 1 Electron microscopy of
lung parenchyma in the Control
(C) and Acute Lung Injury
(ALI) groups. NV spontaneously
breathing rats, PCV pressure
controlled mode, APCV1:2 and
APCV1:1: assist-pressure
controlled ventilation with
I:E = 1:2 and I:E = 1:1,
respectively, BiVent ? PSV
biphasic positive airway
pressure and pressure support
ventilation. Note the
cytoplasmatic degeneration of
type II cell (PII) with aberrant
lamellar bodies as well as
alveolar capillary membrane
damage in the ALI group
(arrows). The ellipse indicates
that the detachment of the
alveolar capillary membrane is
reduced in APCV1:1. In the
BiVent ? PSV group the
damage in alveolar capillary
membrane is less intense. IE
interstitial edema.
Photomicrographs are
representative of data obtained
from lung sections derived from
five animals
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compared to BiVent ? spontaneous breathing in a sur-
factant depletion ALI model in pigs. Conversely, in the
present study, since BiVent was associated with PSV,
spontaneous breaths were partially supported, thus
reducing the inspiratory effort. Therefore, different
assisted ventilation modes, set with similar parameters,
may affect the inspiratory drive differently.

Lung hyperinflation was increased in assisted venti-
lation, mainly in A-PCV1:1, suggesting the role of
inspiratory to expiratory time in an inhomogeneous lung
parenchyma with different time constant. The increase in
hyperinflation during assisted breathing can be explained

by the higher transpulmonary pressure achieved during
inspiration in the presence of active breathing efforts.
However, our data also suggest that modalities of assisted
ventilation which favoured lower inspiratory to expiratory
ratio may lead to less hyperinflation. Interestingly, Bi-
Vent ? PSV was associated with lower hyperinflation
compared to A-PCV 1:1, which could be due to a better
animal-ventilator interaction reduced respiratory drive,
with a consequent decrease in the inspiratory transpul-
monary pressure.

We tested the presence of several inflammatory and
fibrogenic mediators in the lung tissue, but we found

Fig. 2 Cytokine mRNA
expression investigated by
RNase Protection Assay (Panel
A) and type III procollagen
(PCIII) mRNA expression
analysed using real-time
polymerase chain reaction
(Panel B) in the Control (C)
and Acute Lung Injury (ALI)
groups. Data are normalized to
GAPDH expression. In panel
B, the y axis represents fold
increase compared with C
[non-ventilated (NV) animals].
NV spontaneously breathing
rats, PCV pressure controlled
mode, APCV1:2 and APCV1:1:
assist-pressure controlled
ventilation with I:E = 1:2 and
I:E = 1:1, respectively,
BiVent ? PSV biphasic
positive airway pressure and
pressure support ventilation.
Values are means (± SD) four
animals per group.
§Significantly different from
ALI-NV (P \ 0.05).
#Significantly different from
ALI-PCV (p \ 0.05).
�Significantly different from
ALI-APCV1:2 (P \ 0.05).
�Significantly different from
ALI-APCV1:1 (P \ 0.05).
*All ALI data were
significantly different from
C-NV (P \ 0.05)
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measurable amounts only of IL-6, TNF-a, TGF-b1, and
IFN-c mRNA expressions [38]. Furthermore, lung tissue
mRNA expression of PCIII was evaluated as it is the first
collagen to be remodelled in the evolution of lung fibro-
genesis [23] and has been used as an early marker of lung
parenchyma remodelling [26]. Although tidal volume was
higher during assisted ventilation, IL-6, TNF-a, TGF-b1,
and IFN-c expressions were lower than PCV. A-PCV1:1
yielded alveolar hyperinflation resulting in a raise in PCIII
mRNA expression in the lung compared to APCV1:2 and
BiVent ? PSV. IL-6 and TNF-a mRNA expressions were
lower during A-PCV1:1 compared to A-PCV 1:2. Our
data are in line with previous studies which showed
association between hyperinflation and increased PCIII
expression [21, 22, 39]. Different factors could have
promoted reduced lung injury during assisted ventilation:
(a) recruitment of dependent atelectatic lung regions,
reducing opening and closing during tidal breath, thus
limiting shear stress forces [17]; (b) more homogeneous
distribution of regional transpulmonary pressures [40]; (c)
variability of breathing pattern [41]; (d) redistribution of
perfusion towards non-atelectatic injured areas [42]; and
(e) improved lymphatic drainage [43]. Among assisted
ventilation modes, IL-6, IFN-c, TGF-b, and PCIII were
lower in BiVent ? PSV associated with reduced P0.1,
suggesting that assisted ventilation with high inspiratory
effort may increase the risk of VALI. Therefore, P0.1

could be used to optimize assisted ventilation setting
achieving optimal recruitment with minimal stress and
strain.

Limitations

Our study has several limitations: (1) we used a specific
mild ALI model induced by paraquat, thus, we cannot
extend our data to other models of more severe ALI; (2)
the study period was short (1 h), therefore our results
cannot be directly shifted to longer periods of ventilation.

These experimental data should be confirmed in large
animals, with greater duration of analysis, and in clinical
studies, in order to better understand the potentially rel-
evant consequences in the weaning of critically ill
patients; (3) our results cannot be generalized for other
types of assisted ventilation modes and higher levels of
inspiratory support; (4) we found a higher variability of
tidal volume in the A-PCV1:1 group which suggests a
worse animal-ventilator interaction. Although respiratory
drive and functional parameters were not different com-
pared to A-PCV1:2, VALI was lower in A-PCV1:1 than
to A:PCV1:2; (5) the respiratory effort was estimated by
measuring the respiratory drive, even though the direct
transpulmonary pressure was not evaluated. In this line,
several studies have shown that the respiratory drive is
well correlated with the inspiratory effort [37, 44]; and (6)
we did not measure inflammatory mediators in the blood
or analyse distal organ injury.

Conclusions

In the present study, evidence shows that the assisted
ventilation modes employed presented greater beneficial
effects on respiratory function and a reduction in lung
injury in mild experimental ALI. Among different assis-
ted modes, BiVent ? PSV further improved oxygenation,
reduced inspiratory effort, and decreased lung injury.
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Gordo F, Vallverdú I, Blanch L, Bonet
A, Vázquez A, de Pablo R, Torres A, de
La Cal MA, Macı́as S, Spanish Lung
Failure Collaborative Group (1999)
Effect of spontaneous breathing trial
duration on outcome of attempts to
discontinue mechanical ventilation. Am
J Respir Crit Care Med 159:512–518

2. Levine S, Nguyen T, Taylor N, Friscia
ME, Budak MT, Rothenberg P, Zhu J,
Sachdeva R, Sonnad S, Kaiser LR,
Rubinstein NA, Powers SK, Shrager JB
(2008) Rapid disuse atrophy of
diaphragm fibers in mechanically
ventilated humans. N Engl J Med
358:1327–1335

3. Sassoon CS, Zhu E, Caiozzo VJ (2004)
Assist-control mechanical ventilation
attenuates ventilator-induced
diaphragmatic dysfunction. Am J
Respir Crit Care Med 170:626–632.
doi:10.1164/rccm.200401-042OC

4. Kaplan LJ, Bailey H, Formosa V (2001)
Airway pressure release ventilation
increases cardiac performance in
patients with acute lung injury/adult
respiratory distress syndrome. Crit Care
5:221–226. doi:10.1186/cc1027

1424

http://dx.doi.org/10.1164/rccm.200401-042OC
http://dx.doi.org/10.1186/cc1027


5. Staudinger T, Kordova H, Röggla M,
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