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Abstract Objective: To test the
effects of high-frequency percus-
sive ventilation (HFPV) compared
with high-frequency oscillatory ven-
tilation (HFOV) and low-volume
conventional mechanical ventilation
(LVCMV), on lung injury course in
a gastric juice aspiration model. De-
sign: Prospective, randomized, con-
trolled, in-vivo animal study. Setting:
University animal research laboratory.
Subjects: Forty-three New Zealand
rabbits. Interventions: Lung injury
was induced by intratracheal instilla-
tion of human gastric juice in order
to achieve profound hypoxaemia
(PaO2/FIO2 ≤ 50). Animals were
ventilated for 4 h after randomization
in one of the following four groups:
HFPV (median pressure 15 cmH2O);
LVCMV (VT 6 ml kg–1 and PEEP set
to reach 15 cmH2O plateau pressure);
HFOV (mean pressure 15 cmH2O);
and a high-volume control group
HVCMV (VT 12 ml kg–1 and ZEEP).
Measurements and results: Static
respiratory compliance increased
after the ventilation period in the

HFPV, LVMCV and HFOV groups,
in contrast with the HVCMV group.
PaO2/FIO2 improved similarly in the
HFPV, LVCMV and HFOV groups,
and remained lower in the HVCMV
group than in the three others. Lung
oedema, myeloperoxidase and his-
tological lung injury score were
higher in the HVCMV group, but not
different among all others. Arterial
lactate markedly increased after 4 h
of ventilation in the HVCMV group,
while lower but similar levels were
observed in the three other groups.
Conclusion: HFPV, like HFOV and
protective CMV, improves respiratory
mechanics and oxygenation, and
attenuates lung damage. The HFPV
provides attractive lung protection,
but further studies should confirm
these results before introducing
HFPV into the clinical arena.

Keywords Acute lung injury · High-
frequency ventilation · Mechanical
ventilation · Aspiration pneumonitis ·
Experimental study · Respiratory
mechanics

Introduction

Conventional mechanical ventilation (CMV) represents
life-threatening supportive care in the setting of acute
respiratory distress syndrome (ARDS), but it can also pro-
mote harmful ventilator-associated lung injury. Since tidal
volume is preferentially delivered to the most compliant
units, large tidal ventilation could overdistend the less
injured alveoli. On the other hand, severely injured alveoli

with surfactant dysfunction are unstable and exposed
to cyclic tidal opening and closing phenomenon when
positive end-expiratory pressure (PEEP) is below critical
alveolar closing pressure [1–4]. Both volutrauma and
atelectrauma include a pro-inflammatory response to asso-
ciated lung injury [5]. By minimizing alveolar distension
(using tidal volume reduction) and by maintaining high
end-expiratory lung volume (using adequately adjusted
PEEP level), protective CMV decreases lung and systemic
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inflammatory responses and improves the outcome of
ARDS patients [2, 6, 7].

Other ventilator strategies have emerged on the
basis of an infraphysiological tidal volume delivered at
high frequency. High-frequency oscillatory ventilation
(HFOV) has been largely investigated in experimental
and clinical settings. In animal studies, HFOV attenuates
lung injury, improves oxygenation and appears to be
as beneficial as CMV when compared with an open
lung positive pressure ventilation [8–14]. In ARDS pa-
tients, the outcome was not modified with HFOV in two
prospective, but underpowered, randomized controlled
trials [15, 16].

Providing a unique respiratory pattern, high-frequency
percussive ventilation (HFPV) is administered with
a pneumatically powered volumetric diffusive respirator
(VDR). A piston (Phasitron, Percussionaire, Bird Space
Technologies, Sandpoint, Idaho), interposed before tra-
cheal tube, pulses high-pressure gas at high frequency
(200–900 cycle min–1. The injector/exhalation valve em-
ploys a sliding Venturi to deliver pulsed repetitive subtidal
volume with adjustable inspiratory (i) and expiratory (e)
duration. The maximum airway pressure varies cyclically,
at low rate (10–15 cycle min–1), between two different
levels. During the high-pressure cycle, named inspiratory
cycle (I), the maximum value corresponds to the peak in-
spiratory pressure (PIP) and the minimum value is called
continuous positive pressure ventilation (CPAP). During
the low-pressure cycle, where gas washout from the lungs,
so-called expiratory cycle (E), positive end expiratory
pressure (PEEP) is the maximum pressure and CPAP is
the minimal one. Differences between those two phases
of a cycle depend on the variation of both the maximum
and the amplitude pressure (maximum minus minimum),
providing mainly for convective ventilation; thus, HFPV
combines both high-frequency ventilation and convective
MV potential advantages [17]. A number of clinicians
have now reported their successful experience using
HFPV, mainly in burn patients with smoke inhalation
lung injury or ARDS patients [18–22]; however, both
in experimental and human subjects, the morphological
lung consequences of this ventilation are still not clearly
defined.

The purpose of this study was therefore to investigate
the effects of HFPV on lung parenchyma during the
acute phase of gastric aspiration-induced lung injury. The
HFPV was compared with two classically recognized
protective ventilation strategies (low-volume CMV and
HFOV) and with a ventilated lung-injured control group
(high-volume CMV). End points of interest were oxygen-
ation, pulmonary mechanics, lung pathology and cellular
inflammatory response.

Materials and methods
Animal preparation

This study was approved by the animal ethics committee
of the Université de la Méditerranée, Marseille, France,
and the animals were handled in accordance with the
Guide for the Care and Use of Laboratory Animals [23].
Fifty-four pathogen-free New Zealand rabbits (Charles
Rivers Laboratories, L’Abresles, France) weighing
2.1–3.5 kg were anaesthetized with intravenous ethylcar-
bamate (1 g kg–1). Oxygen supplementation by a nose
cone and spontaneous breathing were maintained during
tracheotomy procedure. The anterior neck was dissected
after local anaesthesia (Lidocaine 1%) and a 4.0-mm
internal diameter tracheal tube was inserted. Anaesthesia
was sustained with ethylcarbamate (0.3 g kg–1 h–1) and
muscle was paralyzed with cisatracurium (0.5 mg kg–1

followed by 1 mg kg–1 h–1). A 3-F catheter was inserted
into the right femoral artery for monitoring and blood
sampling. Central body temperature was monitored with
a rectal probe and maintained at 38°C by a thermostat-
ically controlled heating pad. Sterile conditions were
maintained throughout the experiment. Fluid maintenance
was provided by a continuous infusion of 0.9% saline so-
lution containing 5% dextrose (6 ml kg–1 h–1). All animals
were ventilated first with HFOV. Main initial settings were
FIO2 of 0.21, frequency (f) of 15 Hz, inspiratory time
(Ti) of 33%, pressure amplitude (∆ P) of 40 cmH2O and
mean airway pressure (mPaw) of 7 cmH2O. These settings
were assumed to minimize lung damage in rabbits prior to
randomization [9].

Gastric juice preparation

Human gastric content was collected via a nasogastric tube
from a single patient during the first 24-h period follow-
ing initiation of mechanical ventilation. No anti-acid med-
ication was administrated before gastric content collection.
The collected volume was dispersed in 20-ml aliquots and
immediately frozen at –80°C for storage. Bacteriological
analyses of gastric juice, performed at collection and at the
time of the experiment, were all negative. One hour be-
fore each experiment, a single aliquot was thawed. After
homogenization, pH measurement was performed twice
and averaged (Ecoscan, Eutech Instruments, Nijkerk, The
Netherlands).

Induction of lung injury

After preparation, the first 1.5 ml kg–1 tracheal instillation
was administered (half of the volume in each lung) with
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a single-lumen 4-F catheter. Animals were connected
again to HFOV while FIO2 was increased to 1 and ∆ P
to 60 cmH2O. The other settings remained unchanged.
Twenty minutes later, an arterial blood gas sample
was obtained. If PaO2 was > 50 mmHg, subsequent
0.5 ml kg–1 gastric juice boluses were administered, using
the same protocol, until injury end point was reached (i. e.,
PaO2/FIO2 ≤ 50 mmHg).

Experimental groups

The study design is presented in Fig. 1. Thirty minutes
after the last gastric juice instillation, the animals were ran-
domly assigned to one of the following four groups, with
initial settings as follows:

1. HFPV: continuous positive airway pressure (CPAP) at
4 cmH2O; PEEP at 8 cmH2O; peak inspiratory pres-
sure (PIP) at 25 cmH2O; frequency at 15 Hz with i/e of
1/1; and initial respiratory rate (RR) at 10 cycle min–1

with I/E of 1/1.
2. LVCMV: tidal volume at 6 ml kg–1; PEEP set to

achieve a 15-cmH2O plateau pressure; inspiratory to
expiratory ratio (I/E) of 1/2 with an inspiratory pause
of 10%; and RR at 60 cycle min–1.

3. HFOV: f at 15 Hz; Ti at 33%; mPaw at 15 cmH2O; and
∆ P at 60 cmH2O.

4. HVCMV: tidal volume at 12 ml kg–1; zero end-
expiratory pressure (ZEEP); I/E at 1/2 with an
inspiratory pause of 10%; and RR at 30 cycle min–1.

Prior to initiating the assigned ventilation, a sustained
inflation at 40 cmH2O was applied for 40 s. Animals
which received CMV were ventilated with a Servo 900 C
(Siemens Elema, Solna, Sweden). The HFOV was deliv-

Fig. 1 Study design; HFPV, high-frequency percussive ventilation;
LVCMV, low-volume conventional mechanical ventilation; HFOV,
high-frequency oscillatory ventilation; HVCMV, high-volume con-
ventional mechanical ventilation

ered with an OHF-1 (Dufour, Villeneuve d’Asc, France)
and HFPV with a volumetric diffusive respirator (VDR-4,
Percussionaire Corporation, Sandpoint, Idaho).

Haemodynamic and respiratory measurements

Heart rate and systemic arterial blood pressure were con-
tinuously monitored with a calibrated pressure transducer.
Mean arterial pressure (MAP) was maintained above
65 mmHg with up to five 20 ml kg–1 rapid infusions of
0.9% saline solution, if required. Persistent hypotension,
despite fluid loading, was treated by a continuous infusion
of norepinephrine. Arterial blood gases were analysed
with an ABL330 (Radiometer, Copenhagen, Denmark).
Arterial lactate was determined using an YSI 1500 Sport
(Yellow Springs Instruments, Yellow Springs, Ohio). Air
flow was measured with a number 00 Fleisch pneumotaco-
graph and tidal volume was obtained through integration
of the air-flow signal. Plateau pressure (Pplat) was defined
as the tracheal pressure measured at the end of a 3-s
end-inspiratory pause in CMV. Total PEEP was measured
after a 3-s end-expiratory pause at the tracheal cannula. In
the HFPV group, median pressure was defined as follows:
Pmed = {[(PIP + CPAP)/2] × (Ti/Ttot)} + {[(PEEP
+ CPAP)/2] × (Te/Ttot)} .

We consider the median pressure, corresponding at the
mean pressure of both cycle corrected by the duration of
the phase, to determine the continuous distending pressure.
The characteristics of airway pressure, flow and volume
waveforms observed with HFPV are represented in Fig. 2.

A static airway pressure-volume (PV) curve was ob-
tained after the lung injury period (before randomization)
and at the end of the experiment (after 4 h of ventilation).
Briefly, a 50-ml syringe filled with pure oxygen was
connected to the trachea after lung emptying to functional
residual capacity. Repeated 5-ml inflated volume steps
completed the PV relationship, each prolonged by a 2-s
pause. Inspiratory compliance of the respiratory system
(Crs) was calculated by linear regression analysis from the
chord slope of the curve.

Tissue removal and lung processing

The animals were killed with 5% pentobarbital and
midline sternotomy was performed. The intra-thoracic
trachea was clamped at end inspiration before the heart
and lungs were removed en bloc from the thoracic cavity.
The general appearance of the lungs was graded according
to the Kolobow scoring system (Table 1) [24]. The right
lung was filled with formaldehyde 10%, at a transpul-
monary pressure of 15 cmH2O, via a 3-F catheter and
stored in formaldehyde 10% for delayed histopathology
examination. The left lung was weighed before being
processed for myeloperoxidase determination.
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Fig. 2 Representation of airway pressure, flow and volume wave-
form recorded at trachea during HFPV; PIP, peak inspiratory
pressure; PEEP, positive end-expiratory pressure; CPAP, continu-

ous positive airway pressure; I, inspiratory time of convective cycle;
E, expiratory time of convective cycle

Measurement of myeloperoxidase activity

Myeloperoxidase (MPO) activity in lung tissue homo-
genates was measured spectrophotometrically. Briefly,
100 µl of left lung homogenate was added to 2.9 ml of
a 1% weight-volume dimethoxybenzine solution and
1 mM hydrogen peroxide solution. Thirty minutes after
incubation, the reaction was stopped by addition of 200 µl
of 3 M HCL. Myeloperoxidase activity was measured
by the change in absorbance at 410 nm and 37°C with
a Spectronic Genesys 2 spectrophotometer (Milton Roy
Company, Rochester, New York).

Histological examination

The right lung was serially sectioned in a coronal fash-
ion from apex to base and four random sections were
processed for morphometric qualitative analysis and
embedded in paraffin. Each section was sliced to 5 µm

HFPV (n = 11) LVCMV (n = 11) HFOV (n = 11) HVCMV (n = 10)

No damage 0 0 0 0
Light damage 0 0 0 0
Moderate damage 5 (45) 4 (36) 4 (36) 0
Severe damage 5 (45) 6 (55) 7 (64) 1 (9)
Very severe damage 1 (9) 1 (9) 0 9 (90)

Numbers in parentheses are percentages; No damage, generally pink in colour, a few spotty atelectatic
areas, with no blebs or pneumothorax; Light damage, as in “no damage” with atelectasis not exceed-
ing 20% in any single lobe of the lung; Moderate damage, generally grey or purplish in colour, with
atelectasis involving in the aggregate 20% of all lobes of the lungs; Severe damage, as under “moderate
damage” with atelectasis involving in the aggregate as much as 50% of all lobes of the lungs; Very
severe damage, as under “severe damage” with atelectasis involving in the aggregate more than 50% of
all lobes of the lungs and/or pneumothorax

Table 1 Classification of the
general appearance of the lungs
in the four groups at necropsy;
HFOV, high-frequency
oscillatory ventilation; LVCMV,
low-volume conventional
mechanical ventilation; HFPV,
high-frequency percussive
ventilation; HVCMV,
high-volume conventional
mechanical ventilation

and was stained with hematoxylin-eosin and Masson’s
trichrome before being examined blindly by two lung
pathologists. Lung pathology was assessed on a five-point
scale, according to the severity of alveolar exudates,
alveolar haemorrhage, polymorphonuclear neutrophil
(PMN) infiltrates in the air space and/or in alveolar
wall, PMN interstitial infiltrates, interstitial oedema, and
hyaline membrane formation. The following scale was
used for grading: 0 = no or minimal damage; 1+ = mild
damage; 2+ = moderate damage; 3+ = severe damage; and
4+ = maximum damage [25]. A composite lung injury
score was calculated and expressed as the percentage of
maximum damage corrected for the group’s sample size.

Statistical analysis

Data were analysed with SigmaStat software (ver-
sion 2.03, SPPS, Chicago, Ill.). Categorical variables
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were compared with chi-square test or Fischer’s exact
test. Distribution of continuous variables was assessed
using a Kolmogorov–Smirnoff test. Continuous data
are expressed as mean ± standard deviation (SD). One-
way analyses of variance or non-parametric equivalent
(Kruskal–Wallis test) were performed to compare data
between groups with Dunn’s comparison. Respiratory
mechanics data were compared with a paired t-test before
and after the ventilation period. Two-way analyses of
variance for repeated measures (ANOVA RM) were
performed to compare the data from treatment groups
and time. Post-hoc analysis and all pair-wise comparisons
were performed with a Tuckey test. Statistical significance
was fixed at p < 0.05.

Results

Population

Eleven animals died of refractory shock before completing
the study and were excluded from analysis (2 in HFPV, 2
in LVCMV, 4 in HFOV and 3 in HVCMV). Finally, each
group included 11 animals except for HVCMV with 10.

Gastric juice requirements

The volume of gastric juice required to achieve
lung injury end point did not differ between groups
(animal body weight 2.3 ± 0.5ml kg–1 in HFPV,

Fig. 3 Time course of the
PaO2/FIO2 ratio in the four
groups; HFPV, high-frequency
percussive ventilation; LVCMV,
low-volume conventional
mechanical ventilation; HFOV,
high-frequency oscillatory
ventilation; HVCMV,
high-volume conventional
mechanical ventilation. Data are
expressed as mean ± SEM.
* p < 0.05 vs. baseline;
# p < 0.05 vs. lung injury time;
† p < 0.05 HVCMV vs. other
three groups

2.3 ± 0.5 ml kg–1 in LVCMV, 2.1 ± 0.5 ml kg–1 in HFOV
and 2.2 ± 0.6 ml kg–1 in HVCMV groups). Gastric juice
pH was the equivalent in all aliquots (pH = 4.1 ± 0.3).

Gas exchange

The time course of PaO2/FIO2 is presented in Fig. 3. One
hour after the initiation of ventilator strategies, PaCO2 was
lower in the HVCMV group (35 ± 5 mmHg) than in both
the HFPV (47 ± 11 mmHg) and LVCMV (51 ± 9 mmHg)
groups (p < 0.01 and p < 0.001, respectively). Arterial
pH decreased similarly in all four groups throughout the
experiment and was lower after 4 h of ventilation when
compared with baseline and lung-injury times (data not
shown).

Respiratory system mechanics

Respiratory compliance decreased in the HVCMV group
(from 1.2 ± 0.2 ml kg–1 cmH2O–1 after lung injury to
1 ± 0.6 after 4 h of ventilation, p = NS). In contrast,
respiratory compliance improved in all other groups (from
1 ± 0.3 to 1.5 ± 0.6 ml kg–1 cmH2O–1 for HFPV, from
1.2 ± 0.9 to 1.3 ± 1.1 ml kg–1 cmH2O–1 for LVCMV and
from 1.1 ± 0.3 to 1.3 ± 0.5 ml kg–1 cmH2O–1 for HFOV,
p < 0.05 for all comparisons). Post-ventilation respiratory
compliances were not different in the three protective
groups (Fig. 4). Respiratory settings are presented in
Table 2.
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Fig. 4 Static inspiratory pressure-volume relationships after lung
injury (white circles) and at the end of the study protocol (black
circles). Values are expressed as mean ± SD. Note the shift to the
left part of the curve after 4 h of ventilation for high-frequency per-
cussive ventilation (HFPV), low-volume conventional mechanical

ventilation (LVCMV), and high-frequency oscillatory ventilation
(HFOV) groups. Inversely, a shift to the right was observed in the
high-volume conventional mechanical ventilation (HVCMV) group
between the two periods

Haemodynamic parameters

The MAP declined significantly in all groups when
compared with baseline and post-injury values (data
not shown); however, at the end of the study period,
perfusion was greater in the HFPV (80 ± 17 mmHg) and
the HFOV (77 ± 14 mmHg) groups than in the HVCMV

(62 ± 22 mmHg) group (p < 0.02 and p < 0.05, respec-
tively). There was no difference with the LVCMV group
(76 ± 17 mmHg). Arterial lactate markedly increased at
the fourth hour in the HVCMV group (7.8 ± 7.1 mmol l–1)
and was significantly higher compared with the HFPV
(3.7 ± 3.2 mmol l–1) and LVCMV (4.1 ± 3.2 mmol l–1)
groups (p < 0.02 and p < 0.03, respectively), whereas the
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HFPV (n = 11) LVCMV (n = 11) HFOV (n = 11) HVCMV (n = 10)

PIP (cmH2O)
1 h 25.4 ± 2.4 18.0 ± 2.5 NA 20.6 ± 2.9
4 h 25.4 ± 1.7 18.8 ± 4.6 NA 24.8 ± 5.1

mPaw (cmH2O)
1 h 9.8 ± 1.5 11.7 ± 1.4 15.0 ± 0.6 12.7 ± 1.6
4 h 9.8 ± 1.3 12.6 ± 1.5 14.8 ± 0.9 16.2 ± 2.1

Pplat/Pmed (cmH2O)
1 h 14.9 ± 1.6 14.9 ± 2.0 NA 16.4 ± 2.6
4 h 17.4 ± 1.3 15.8 ± 3.0 NA 20.8 ± 4.8

PEEP (cmH2O)
1 h 8.7 ± 1.3 7.8 ± 0.5 NA 0.5 ± 1.0
4 h 8.4 ± 0.9 7.8 ± 0.5 NA 1.0 ± 0.8

CPAP/∆P (cmH2O)
1 h 5.1 ± 1.3 NA 55 ± 7.8 NA
4 h 4.9 ± 1.3 NA 44 ± 7.5 NA

VT (ml/kg)
1 h NA 6.6 ± 0.5 NA 11.7 ± 0.5
4 h NA 6.6 ± 0.8 NA 11.8 ± 0.6

F/RR (c/min)
1 h 822 ± 95 72 ± 12 900 ± 0 35 ± 8
4 h 830 ± 94 75 ± 10 900 ± 0 35 ± 9

I (s)
1 h 2.8 ± 0.3 0.3 ± 0.6 NA 0.6 ± 0.1
4 h 3.0 ± 0.1 0.3 ± 0.1 NA 0.6 ± 0.1

E (s)
1 h 2.9 ± 0.3 0.6 ± 0.1 NA 1.2 ± 0.3
4 h 3.1 ± 0.1 0.5 ± 0.1 NA 1.2 ± 0.3

Data are expressed as mean ± SD; NA, not applicable

Table 2 Main respiratory
settings in the four experimental
groups during study course; PIP,
peak inspiratory pressure; mPaw,
mean airway pressure; Pplat,
end-inspiratory pause pressure
for low-volume and high-volume
conventional mechanical
ventilation (LVCMV, HVCMV);
Pmed, median pressure for
high-frequency percussive
ventilation (HFPV); PEEP,
positive end-expiratory pressure;
∆P, pressure amplitude of
oscillation for high-frequency
oscillatory ventilation (HFOV);
CPAP, continuous positive
airway pressure for
high-frequency percussive
ventilation (HFPV); Vt,
expiratory tidal volume; F,
oscillatory or percussive
frequency for HFOV or HFPV;
RR, respiratory rate in LVCMV
or HVCMV; I , inspiratory time;
E, expiratory time

difference did not reach significance with the HFOV group
(4.7 ± 2.1 mmol l–1). Norepinephrine requirement did not
differ between groups: 8 animals in HFPV group (73%);
7 animals in LVCMV (64%); 9 animals in HFOV (82%);
and 7 animals in HVCMV (70%). Fluid loading was also
equivalent.

Lung weight and myeloperoxidase

Left lung weight was lower in the HFPV, LVCMV and
HFOV groups than in the HVCMV group (3 ± 0.6,
2.7 ± 0.5, 3 ± 1.2 and 4.5 ± 1.4 g kg–1 body weight,
respectively, p < 0.02 on ANOVA). MPO activity was
reduced in the three protective groups as compared with
the HVCMV group (Fig. 5).

General appearance and lung histopathology

Most of the animals in the HVCMV group presented
very severe damage, whereas the animals in the three
protective groups tended to present moderate or severe
damage (Fig. 6; Table 1). The composite lung injury score
was lower in the HFPV group than in the HVCMV group,

Fig. 5 Myeloperoxidase activity after 4 h of ventilation; HFPV,
high-frequency percussive ventilation; LVCMV, low-volume
conventional mechanical ventilation; HFOV, high-frequency oscil-
latory ventilation; HVCMV, high-volume conventional mechanical
ventilation. Data are expressed as mean ± SEM

as was the case for the two other protective strategies
(Fig. 7).
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Fig. 6 Macroscopic posterior lung photographs (left panel) and
corresponding right lung hematoxylin and eosin × 100 micro-
photographs (right panel) of representative animals; HFPV, high-
frequency percussive ventilation; LVCMV, low-volume conventional
mechanical ventilation; HFOV, high-frequency oscillatory ventila-
tion; HVCMV, high-volume conventional mechanical ventilation.
Note the importance of atelectasis (A) and/or congestion area (C)
on macroscopic photographs and the polymorphonuclear cells
infiltration (arrow) on microphotographs in the HVCMV group

Discussion

The present study shows that HFPV attenuates the sever-
ity of gastric aspiration-induced lung injury. The HFPV, as
well as protective CMV and HFOV, enhanced pulmonary
mechanics and oxygenation, and led to less histological
damage when compared with high-volume CMV.

The HFPV-associated lung improvement observed in
this study is not support by a solid physiopathological
framework. Indeed, little is known about the gas-transport

Fig. 7 Composite lung injury score after 4 h of ventilation;
HFPV, high-frequency percussive ventilation; LVCMV, low-volume
conventional mechanical ventilation; HFOV, high-frequency oscil-
latory ventilation; HVCMV, high-volume conventional mechanical
ventilation. Data are expressed as mean ± SEM

mechanism during HFPV. We speculated that it involved
many phenomena, as in HFOV [26], including intrapul-
monary diffusion during percussive high-velocity mixing
and convection during time-cycled ventilation. Basically,
tidal volume is the result of both the convective and non-
convective parts of ventilation, but it remains below the
physiological dead space [27]; therefore, we hypothesized
that, as in HFOV, reducing tidal volume would minimize
the proportion of overdistended alveoli and limit the cyclic
tidal-associated stretch variation.

Obviously, what happens at the alveolar level is
currently unknown, but it can be supposed that there is
a considerable drop in airway pressure between the trachea
and alveoli. The magnitude of intrathoracic percussive
shock waves decrease throughout the bronchial airways
with resistive loads. As a consequence, PIP and mPaw
vary differently. Lucangelo et al., when increasing the
impedance on a lung simulator, demonstrated larger
variation in PIP (+ 70%) than in mPaw (+ 30%) [28];
hence, even if PIP was higher in our HFPV group than
in both CMV groups, it could provide less barotrauma
because of greater pressure attenuation and, significantly,
it did not result in greater lung injury. In a 7-day primate
model of moderate smoke injury, Cioffi et al. compared
HFPV, HFOV and non-protective CMV with PIP values
that were similar to those used in our study [29]. They
reported that HFPV was associated with a decrease in
lung damage and barotrauma. In the present study, we
also demonstrated that HFPV attenuates lung oedema,
histopathology and PMN infiltrates. Moreover, we noted
limited haemodynamic side effects with regard to the
arterial lactate course.

All of the tested protective strategies improved
Crs when compared with post-injury measurements.
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Similar Crs increase may have reflected similar lung
injury [30]. In contrast, Crs worsened in the HVCMV
group. Myeloperoxidase, a marker of PMN activation,
was reduced in the HFPV group, as well as in the HFOV
and LVCMV groups, when compared with the HVCMV
group. Similarly, histological results showed greater
damage in the HVCMV group, again without differences
in the other three groups; therefore, our HFPV setting
was able to prevent worsening of lung injury after gas-
tric aspiration. Our findings also corroborate previous
studies which have emphasized the protective role of
CMV and HFOV [8–14, 31]. Within the framework
of lung injury, while ZEEP and high-tidal ventilation
provided alveolar instability [32], limited alveolar stretch
and/or overdistension, irrespective of ventilator modes,
prevented further lung impairment [1, 4]. Nevertheless,
given the lack of additional advantages of one of those
three protective ventilations, neither of them should be
prioritized.

The gastric aspiration-induced lung injury model is
not widely used in the field of acute lung injury but offers
many advantages. Aspiration pneumonitis is associated
with heterogeneously dispersed injuries. Most other direct
lung injury models have failed to achieve such a situation,
providing rather diffuse alveolar collapse. In this study,
all of the animals exhibited at least moderate damage,
with heterogeneous macroscopic injuries prominent in the
posterior and dependent areas. We previously reported
a sustained oxygenation decrease using this model and
characterized its haemodynamic profile [33]. It constitutes

a robust and clinically relevant model of “first-hit” lung
injury which could emphasize the influence of a “second
hit”, represented by mechanical ventilation [25].

Some limitations must be pointed out. Firstly, the short
duration of this trial may have limit the emergence of
discrepancies between ventilator strategies; thus, extrapo-
lation to clinical settings of this small animal study should
be made with caution. Secondly, we decided to limit
plateau pressure and to set tidal volume. Accordingly,
PEEP level, directly dependent of respiratory compliance,
could be inappropriate for providing an optimal open-
lung approach. Nevertheless, limiting plateau pressure
to minimize lung overdistension represents a major
recommendation in ARDS patient management. Finally,
given the complexity to reconcile such different ventilator
modes, we attempted to harmonize them, but that was not
necessarily the optimal way to efficiently administer each
one.

Conclusion

In conclusion, this study provides new evidence to con-
sider HFPV as an effective protective ventilation strategy.
Both high-frequency ventilator modes (HFOV and HFPV),
and protective CMV, set with a common distending pres-
sure objective, attenuated lung injury and improved pul-
monary function indexes in a short period. Further investi-
gations are required to confirm these results before trans-
posing HFPV to the clinical arena.
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