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Abstract—Management of patients with acute lung injury
(ALI) rests on achieving a balance between the gas exchang-
ing benefits of mechanical ventilation and the exacerbation of
tissue damage in the form of ventilator-induced lung injury
(VILI). Optimizing this balance requires an injury cost
function relating injury progression to the measurable
pressures, flows, and volumes delivered during mechanical
ventilation. With this in mind, we mechanically ventilated
naive, anesthetized, paralyzed mice for 4 h using either a low
or high tidal volume (Vt) with either moderate or zero
positive end-expiratory pressure (PEEP). The derecruitability
of the lung was assessed every 15 min in terms of the degree
of increase in lung elastance occurring over 3 min following a
recruitment maneuver. Mice could be safely ventilated for
4 h with either a high Vt or zero PEEP, but when both
conditions were applied simultaneously the lung became
increasingly unstable, demonstrating worsening injury. We
were able to mimic these data using a computational model
of dynamic recruitment and derecruitment that simulates the
effects of progressively increasing surface tension at the air–
liquid interface, suggesting that the VILI in our animal
model progressed via a vicious cycle of alveolar leak,
degradation of surfactant function, and increasing tissue
stress. We thus propose that the task of ventilating the
injured lung is usefully understood in terms of the Vt–PEEP
plane. Within this plane, non-injurious combinations of Vt
and PEEP lie within a ‘‘safe region’’, the boundaries of which
shrink as VILI develops.

Keywords—Acute lung injury/ARDS, Lung derecruitment,
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INTRODUCTION

Acute lung injury (ALI) is a common entity in the
intensive care unit,24 and is managed primarily
through supportive mechanical ventilation. However,
mechanical ventilation can itself further damage the
lung in a process known as ventilator-induced lung
injury (VILI),30 which is thought to occur via two
distinct biophysical mechanisms. One mechanism is the
over-distention of the lung during inspiration, termed
volutrauma.10 Even normal lung tissue has a limit to
how much stretch it can sustain without damage, and
when the tissue is already injured the threshold for
further damage is reduced substantially.11 Indeed, the
current standard of care for ARDS involves the use of
low tidal volumes (6 mL/kg),5,6 the proven efficacy of
which is presumably a consequence of reduced tissue
stresses. The second biophysical mechanism postulated
to cause VILI is referred to as atelectrauma.26 Here,
damage is caused by the repetitive re-opening of lung
regions that become derecruited (atelectatic) with
each breath. Conventionally it has been thought that
atelectrauma is caused by the shear forces associated
with alveolar and airway re-opening early in inspira-
tion, but recent data suggest that the normal forces
generated by surface tension are the most damaging to
the pulmonary epithelium.9,32 Both volutrauma and
atelectrauma are thought to lead to systemic inflam-
matory consequences referred to as biotrauma,27,29

which appears to be responsible for the multi-organ
failure behind most ALI-related fatalities.28

Ventilatory management of patients with ALI thus
rests on achieving a balance between adequate venti-
lation and minimal progression of volutrauma and
atelectrauma. At present, we have very little idea how
to achieve this balance, which almost certainly has a
strong dependence on the nature and degree of lung
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injury. Put in engineering terms, we have yet to
determine the VILI cost function that describes the
quantitative relationship between progression of lung
injury and the measurable stresses and strains (pres-
sures and volumes) applied to the lung by mechanical
ventilation. The optimal ventilatory regimen would
then be that which minimizes the VILI cost function.
The purpose of this study was to begin the process of
defining the VILI cost function by studying the con-
ditions that lead to the onset and progression of VILI
in initially normal mice. In particular, we characterize
the extent of VILI in terms of the dynamic derecruit-
ability of the lung, and capture these dynamics in a
computational model of time-dependent opening and
closing of small airways. Such a model has the
potential to serve as a virtual laboratory for exploring
modes of mechanical ventilation that minimize the
progression of VILI.

METHODS

Animal Procedures

This study was approved by the Institutional
Animal Care and Use Committee of the University of
Vermont. Animal treatment was in compliance with
the Animal Welfare Act.

All experiments were performed on healthy
8–10 week-old BALB/c mice. (Jackson Laboratories,
Bar Harbor, ME). Weights ranged from 19 to 26 g
with the average weight being 22.3 ± 2.0 g. Acclama-
tion period was not less than 3 days from arrival.

Anesthesia was induced with 90 mg/kg of intra-
peritoneal (IP) sodium pentobarbital, after which a
modified 18 gauge PrecisionGlide needle (Becton
Dickson & Co., NJ) was surgically placed into the
trachea. Animals were then connected to a computer-
driven small-animal ventilator (FlexiVent, SCIREQ,
Montreal, QC, Canada) at baseline ventilatory settings
of 200 breaths/min, a tidal volume (Vt) of 0.25 mL
(piston volume). A positive end-expiratory pressure
(PEEP) of 3 cmH2O was maintained by submerging
the expiratory vent under water. Taking gas compres-
sion in the ventilator cylinder into account, Vt deliv-
ered to the animal was about 0.2 mL and the minute
ventilation approximated 40 mL/min. After observing
bilateral chest rise and confirming proper ventilator
settings, IP pancuronium bromide was administered
(0.8 mg/kg) to ensure that subsequent measurements
of lung mechanics were collected during purely pas-
sive mechanical ventilation. To maintain anesthesia,
sodium pentobarbital (approximately 5 lg/kg) was
given IP every 30 min. Continuous electrocardiogram
monitoring was used to assess animal viability and

adequacy of anesthesia during the experimental pro-
tocol (below).

Prior to the start of each experiment, the animals
were given approximately 5 min to normalize to
baseline ventilation settings. At the conclusion of the
experiment, animals were euthanized with an overdose
of pentobarbital (150 mg/kg) and thoracotomy.
Immediately after euthanasia, bronchoalveolar lavage
fluid (BALF) was collected by instilling 1 mL of
phosphate buffered-saline into the lungs via the tra-
cheostomy and then using gentle suction for a return of
approximately 0.8 mL.

Study Protocol

We applied a number of different ventilatory regi-
mens to separate groups of mice, as follows.

Control Group

Mice (n = 6) were subjected to baseline mechanical
ventilation (Vt 0.2 mL, PEEP 3 cmH2O, 200 breaths/
min) for 4 h. At the beginning of the experiment, the
lungs were sighed to a pressure of 25 cmH2O and then
the respiratory system impedance was measured by
applying a 2 s broad-band (1–20 Hz) oscillating vol-
ume signal (amplitude 0.17 mL) to the lungs as previ-
ously described.2,25 The constant phase model of
lung impedance15 was fit to each measurement. The
impedance stiffness parameter (H) was taken as a
measure of baseline lung elastance.2 Every 18 min
thereafter, for the duration of the experiment, we
assessed the derecruitability of the lungs, as follows.
This began with the lungs being given 10 deep breaths
(Vt 0.8 mL, 50 breaths/min). Then, PEEP was reduced
to 0 cmH2O, ventilation was returned to baseline (Vt
0.2 mL, 200 breaths/min), and H was determined
every 15 s for the following 3 min. We have shown in a
number of prior studies that this produces a 3-min
sequence of H values that increase progressively as the
lung derecruits with time. The increase is typically
modest in a normal lung, but may become greatly
amplified in both rate and magnitude when the lung is
injured.2–4

High Vt Group

After 5 min of baseline ventilation and baseline
measurements of H, these mice (n = 6) were subjected
to 4 h of high tidal volume mechanical ventilation with
a Vt delivered by the ventilator piston of 1.0 mL (Vt
reaching the animal being about 0.8 mL taking into
account gas compression within the ventilator cylin-
der). PEEP was set to 3 cmH2O and the breathing
frequency was 50 breaths/min. Derecruitability was
assessed every 18 min as for the control group above,
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except that this time no prior deep inflation was
required because the animals had already been over-
ventilated with every breath prior to each sequence of
H measurements.

Zero PEEP Group

Mice (n = 6) were ventilated with normal Vt at a
low PEEP level (Vt 0.2 mL, PEEP 0 cmH2O,
200 breaths/min). Also, because they were not receiv-
ing high Vt, the lungs were recruited with 10 deep slow
breaths (Vt 0.8 mL, 50 breaths/min) prior to each
assessment of derecruitability, which was performed
every 18 min.

High Vt/Zero PEEP Group

Mice (n = 6) were ventilated with both a high Vt
and a low PEEP level (Vt 0.8 mL, PEEP 0 cmH2O,
50 breaths/min). Derecruitability was assessed every
18 min, and no prior deep inflation was required
because the animals had already been over-ventilated
with every breath prior to each sequence of H mea-
surements.

PEEP Rescue Groups

Mice (n = 6 each group) were ventilated with both
high volume ventilation and low PEEP (Vt 0.8 mL,
PEEP 0 cmH2O, 50 breaths/min) for either 2 h (early
PEEP rescue group) or 3 h (late PEEP rescue group),
after which PEEP was raised to the normal level of
3 cmH2O and ventilation was continued for a total
of 4 h. Derecruitability was assessed every 18 min
throughout the entire 4 h period.

Vt Rescue Groups

Mice (n = 6 each group) were ventilated with both
high volume ventilation and low PEEP (Vt 0.8 mL,
PEEP 0 cmH2O, 50 breaths/min) for either 2 h (early
Vt rescue group) or 3 h (late Vt rescue group), after
which Vt was lowered to the normal level of 0.2 mL
and ventilation was continued for a total of 4 h.
Derecruitability was assessed every 18 min throughout
the entire 4 h period.

The Vt and PEEP values applied to each group are
summarized in Table 1.

BALF Analysis

BALF specimens were centrifuged at 450g for
10 min, the supernatant removed, and the cell pellets
re-suspended in 1% BSA. Cell counts were determined
manually in triplicate using a hemacytometer, and cell
differentials were calculated from fixed cytospun slides
stained with hematoxylin and eosin. Total protein was

quantified in the BALF supernatants using a Bradford
(Hercules, CA) colorimetric assay standardized to
graded concentrations of bovine serum albumin. Both
standards and samples were run in duplicate. Samples
that exceeded the 595 nm absorbance were diluted 1:5
and re-run. A custom Millapore MilliplexTM kit using
standard procedure was used to quantify G-CSF,
IL-1b, IL-6, KC, MCP-1, MIP-1a, MIP-1b, and
TNFa. Controls and samples were run in duplicate.

Statistical Analysis

One-way ANOVA was used to compare cytokine
and protein contents of the BALF between groups.
For cytokines in which Levene’s test demonstrated
significant differences in population variance between
groups, values were logarithmically transformed prior
to ANOVA. Results were considered significant for
p< 0.05. Post hoc means comparisons between groups
were made using the Bonferroni correction.

Computational Modeling

We have previously developed a computational
model that mimics the time dependence of recruitment
and derecruitment seen during mechanical ventilation
of the injured lung.7 This model consists of a parallel
collection of identical elastic lung units each served by
a single airway that can exist in two states, open or
closed. The state in which an individual airway finds
itself is determined by its pressure history according to
movement along a virtual trajectory. The trajectory
variable, x, takes values between 0 and 1 and does not
correspond to anything physical in particular. The
virtual trajectory is merely an empirical mechanism
that imbues the airways with hysteretic behavior, as
follows. Each airway has a critical opening pressure,
Po, and a critical closing pressure, Pc. Movement to the
right along the virtual trajectory (i.e., toward increas-
ing values of x) occurs when the pressure, P, applied to
the airway exceeds Po, with the speed of movement

TABLE 1. Summary of the ventilatory parameters of the
various experimental groups (see text for additional details).

Group name Vt (mL) PEEP (cmH2O)

Control 0.2 3

High Vt 0.8 3

High Vt/zero PEEP 0.8 0

Early PEEP rescue 0.8 0 until 2 h, then 3

Late PEEP rescue 0.8 0 until 3 h, then 3

Early Vt rescue 0.8 until 2 h, then 0.2 3

Late Vt rescue 0.8 until 3 h, then 0.2 3

Note that 0.2 mL in these mice is equivalent to approximately

9 mL/kg, while 0.8 mL is 36 mL/kg.
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being proportional to the pressure difference (P 2 Po).
The constant of proportionality is so. Similarly,
movement to the left (i.e., toward decreasing values of
x) occurs at a rate sc(P 2 Pc), where sc is another
constant. x does not change for Pc <P<Po. If an
airway is open it only closes if its value of x reaches 0.
It stays closed thereafter until such time as x reaches 1.
Figure 1 provides a flowchart of the decisions made at
each time step for each airway in the model. The values
of Po, Pc, so, and sc for each airway are chosen ran-
domly from designated probability distribution func-
tions so that the recruitment and derecruitment
behavior of the whole model is essentially continuous
when the number of parallel lung units is large.

We found that this model is able to accurately
mimic time courses of H measured at different levels of
PEEP following recruitment maneuvers in both nor-
mal mice and in mice injured by intra-tracheal instil-
lation of hydrochloric acid.17 We found that good fits
to these data were obtained when the values of Po and
Pc were drawn from Gaussian distributions having
equal variance, with the mean value of Po being about
4 cmH2O above mean Pc. The values of so and sc
were drawn from hyperbolic distributions. The only

significant effect of acid injury on these parameter
values was a parallel shift upwards in the Gaussian
distributions defining Po and Pc, indicating an increase
in the surface tension of the fluid in the lungs.22,23

We used this model to mimic the progression of
VILI by simulating the maneuver used to assess lung
derecruitability. Specifically, the lung was divided into
500 identical parallel units, each served by an airway,
such that total lung elastance was 20 cmH2O/mL and
total lung resistance was 2 cmH2O s/mL. The model
included a representation of the Flexivent ventilator as
described in Massa et al.,17 which ventilated the lung
with a frequency of 200 breaths/min and a piston
displacement tidal volume of 0.2 mL. The model was
initialized with all lung units open and all associated
values of x = 1. A run in time of 200 s mechanical
ventilation was then simulated, followed by 10 breaths
of 1 mL at a frequency of 60 breaths/min. This was
followed immediately by 3 min of regular ventilation
during which lung stiffness was tracked as the product
of the initial stiffness (20 cmH2O/mL) and the fraction
of lung units that were open. The latter gradually
decreased with time as units closed, yielding a pro-
gressively increasing apparent lung elastance.

RESULTS

Figure 2 shows the 3 min time courses of H that
were measured every 18 min during periods of
mechanical ventilation in the various groups of mice
that were studied. When the mice were ventilated
under baseline conditions (control group—Fig. 2, top
left) these time courses remained unaltered over 4 h,
demonstrating that the propensity of the lung to
derecruit was modest and constant. The same was true
both when Vt was increased (high Vt group—Fig. 2,
bottom left) and when PEEP was reduced (zero PEEP
group—Fig. 2, top right). However, in the high
Vt/zero PEEP group (Fig. 2, bottom right), the
upward sweeps in H became progressively more pro-
nounced over time. This indicates that increasing Vt
and removing PEEP together caused VILI to develop
over the 4 h ventilation period, whereas either inter-
vention alone did not.

Figure 3 shows the evolution of the peak airway
pressures produced by over-ventilating mice at 3 and
0 cmH2O PEEP. Peak pressure started off lower in the
zero PEEP group, but increased progressively and
passed the pressure in the 3 cmH2O PEEP group at
about 2 h into mechanical ventilation. This further
confirms that the combination of high Vt and zero
PEEP was injurious in these animals (as in Fig. 2d). By
contrast, peak pressure in the 3 cmH2O PEEP group
remained stable over the 4 h of mechanical ventilation.

P < Pc? 

Y 

N 

N 

x = x + so(P – Po)δ t

x ≥ 1? 
N 

Airway closed? 
N 

Open airway 
x = 1 

Y 

Y 

Next P

P > Po? 

Y 

x = x + sc(P – Pc)δt

x ≤ 0? 
N 

Airway open? 
N 

Close airway 
x = 0 

Y 

Y 

FIGURE 1. Flowchart of the decisions made concerning
each airway in the computational model at each time step. dt
is the time step used to integrate the model equations.
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These results together demonstrate that peak pressure
alone was not responsible for the progression of VILI,
and that the injury in the zero PEEP group resulted

from some synergistic interaction between atelectrau-
ma and volutrauma.

The effects of altering the pattern of ventilation
on the progression of VILI are shown in Fig. 4.
Figure 4a shows sequential assessments of derecruit-
ability obtained in the early PEEP rescue group in which
PEEP was raised from 0 to 3 cmH2O at 2 h (top panel),
and in the early Vt rescue group in which Vt was
decreased from 0.8 to 0.2 mL at 2 h (bottom panel).
Figure 4b shows the final 2 h of data from the two
groups with their respective linear regression lines.
Progression of injury beyond the 2 h point was evident
in both groups, but reducing Vt had more of an ame-
liorating effect than did increasing PEEP. The mean
slope of H following Vt rescue was 0.045 cmH2O/mL/
min for the early Vt rescue group, a 58% reduction in
slope compared to that over the three tests of derecru-
itability prior to rescue. For the early PEEP rescue
group the slope in H post-increase in PEEP was
0.086 cmH2O/mL/min, a 40% reduction from its value
prior to rescue. Both post-rescue slopes are significantly
different from zero.

Figure 5 shows the BALF protein levels measured
in the various experimental groups. The protein levels

FIGURE 2. Derecruitability measured every 18 min during 4 h periods of mechanical ventilation under control conditions (top
left), with high Vt (bottom left), with zero PEEP (top right), and with both high Vt and zero PEEP (bottom right). Each collection of
data points (mean 6 SE from the mice in each group) represents the sequential elastance measurements made during a single
assessment of derecruitability. Note that the nature of these time course remains fairly stable except in the case of the high Vt/zero
PEEP group where the rate and magnitude of rise in H increase progressively with time.

FIGURE 3. Peak airway pressures vs. time during 4 h of
mechanical ventilation in mice ventilated with 0.8 mL Vt at a
PEEP of 3 cmH2O (open symbols) and 0 cmH2O (closed
symbols).
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in the control, high Vt, and zero PEEP groups are all
similar, corresponding to their associated lack of
obvious VILI. The remaining data come from the four
rescue groups that received either 2 or 3 h of combined
high Vt/zero PEEP ventilation. When PEEP was nor-
malized to 3 cmH2O after 2 h (early PEEP rescue
group) the final BALF protein levels were significantly
elevated relative to control. By contrast, normalizing
Vt to 0.2 mL after 2 h but maintaining PEEP at zero
(early Vt rescue group) prevented BALF protein from
rising above normal. Allowing injurious ventilation to
continue for 3 h led to elevated BALF protein
regardless of whether Vt or PEEP was subsequently
normalized (late Vt rescue and late PEEP rescue
groups, respectively). Figure 6 shows a variety of
pro-inflammatory cytokines measured in the various

experimental groups. Differences between values from
each study group and those of the non-injurious
high Vt and the zero PEEP groups did not reach the
same degrees of statistical significance for each of the
cytokines, which is likely a reflection of inconsistent
degrees of variance among the different cytokines.
However, the overall pattern of cytokine differences
between experimental groups was similar to that of the
BALF protein levels (Fig. 5). That is, ventilating with
a combination of high Vt and zero PEEP for 3 h led to
an increase in inflammatory cytokines regardless of
whether this was followed by an hour of reduced Vt
(late Vt rescue group) or elevated PEEP (late PEEP
rescue group). By contrast, when Vt was reduced at 2 h
(early Vt rescue group) the cytokines were less elevated
relative to controls compared to when PEEP was ele-
vated after 2 h (early PEEP rescue group).

Figure 7 shows simulated time courses of lung
elastance (corresponding to the experimentally mea-
sured values of H) produced by the computational
model. We obtained these times courses by adjusting
the model parameters, using trial and error, until they
closely matched the measured time courses. This was
achieved when the means of the Gaussian distributions
for Pc and Po were 0 and 4 cmH2O, respectively, both
with standard deviations of 3.5 cmH2O. These values
are similar to those found experimentally for a normal
lung by Massa et al.17 The velocity parameters so and
sc were drawn from probability distributions defined as
the inverse of a uniformly distributed random number
on the interval [0,1] multiplied by 0.006 and 0.0008,
respectively. These values are a factor of 5 less than
those found by Massa et al.17 for lung injured by
hydrochloric acid. To simulate the progression of VILI

FIGURE 4. (a) Derecruitability measured every 18 min for 4 h
in the early PEEP rescue and early Vt rescue groups of mice.
Injurious ventilation was applied in both groups for 2 h, after
which either PEEP was raised to 3 cmH2O or Vt was reduced
to 0.2 mL. (b) Derecruitability in the two groups after the
changes in ventilation pattern, together with the regression
lines fit to H vs. time.

FIGURE 5. BALF protein levels measured after 4 h of
mechanical ventilation in the various groups of mice studied.
*Significant difference from control.
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due to surfactant dysfunction (increased surface
tension) in this model, we repeated the simulation of
derecruitability 12 times, each time increasing mean Pc

and Po both by 1 cmH2O. Of note is the fact that the
model reproduces both the progressive increase in
initial elastance and the increase in its rise throughout
each 3 min test of derecruitability, as observed in the
experimental data (Fig. 2). The model thus mimics the
progressively reduced capacity of a large inflation
to fully recruit the lung, as well as the increased pro-
pensity for the lung to become derecruited as injury
progresses.

DISCUSSION

Mechanical ventilation of patients with ALI/ARDS
is a double-edged sword; it provides essential life

support yet at the same time may cause fatal injury.
Indeed, balancing these two outcomes is the essence of
management, there being little else that can be done in
the way of treatment. It is thus crucial that we
understand as much as possible about what causes
VILI and how it progresses so that ventilatory man-
agement can be optimized. With this in mind, we have
focused in this study on how VILI develops in a lung
that is initially normal. In particular, we have exam-
ined the relative roles of volutrauma and atelectrauma,
the two putative mechanisms by which VILI is thought
to occur. Our results show that the normal mouse lung
is rather resistant to the development of VILI. When
the mice were ventilated at a normal level of PEEP for
4 h using a Vt of 0.8 mL, their mechanical signature of
derecruitability (Fig. 2, bottom left) was essentially
stable over time, and was very similar to mice receiving
baseline non-injurious ventilation (Fig. 2, top left).

FIGURE 6. Inflammatory cytokines measured in the various treatment groups (G-CSF Granulocyte Colony Stimulating Factor,
TNF-a Tumor Necrosis Factor-alpha, KC murine Keratinocyte Chemoattractant, IL-6 Interleukin six, MCP-1 Monocyte Chemotactic
Protein-1). *Significant difference compared to the high Vt group, while �a significant difference compared to the zero PEEP group.
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The high Vt group also showed no elevation in BALF
protein (Fig. 5), although it must be noted that we
allowed the lungs of the high Vt group to rest peri-
odically by reducing Vt for 3 out of every 18 min in
order to perform derecruitability tests. This may have
been sufficient to allow for the repair of subtle early
damage12 that might otherwise have developed had the
high Vt been continuous throughout the 4 h period of
mechanical ventilation. Nevertheless, our results show
that ventilation for most of the 4 h period with a Vt
that was four times the usual Vt for a mouse did not
lead to obvious lung injury. Similarly, when PEEP was
zero in the presence of a normal Vt, the lung was again
able to undergo extended mechanical ventilation with
no obvious damage (top right panel of Figs. 2, 5).

Clear evidence of VILI was produced, however,
when we combined high Vt with zero PEEP. Here, the
H time courses showed an accelerating upward trend
that resulted in lung stiffness nearly tripling by the end
of the 4 h ventilation period (Fig. 2, bottom right),
indicative of a dramatic increase in the derecruitability
of the lung. This implies that high Vt and zero PEEP
acted synergistically in these animals, which raises the
intriguing question of how such synergy might arise.
One possibility is that lowering the PEEP to zero
caused a certain fraction of the lung to derecruit per-
manently, so that the application of a high Vt caused
the remaining open fraction of lung to become over
inflated to an injurious degree. We were able to refute
this possibility, however, by comparing the time
courses of peak airway pressure in mice ventilated with
high Vt at PEEP levels of zero vs. 3 cmH2O (Fig. 3).

We found that peak pressure was initially lower in the
zero PEEP group, which means that any lung regions
that remained open in these animals were not being
over inflated compared to the 3 cmH2O PEEP group.
Nevertheless, as the experiment proceeded, the peak
pressures in the zero PEEP group rose to exceed the
stable peak pressures of the 3 cmH2O PEEP group,
indicating that the former group experienced devel-
oping injury while the latter did not (Fig. 3).

Another possible explanation for the synergy
between high Vt and zero PEEP is that more atelec-
trauma occurs with a high Vt than with a normal Vt.
We cannot eliminate this possibility on the basis of our
present results. On the other hand, one would expect
that most of the re-opening of lung units taking place
with zero PEEP would occur as lung volume is raised
through the normal Vt, with limited extra re-opening
occurring thereafter. Of course, the re-opening of lung
units would occur more rapidly when a high Vt is used
(inspiratory duration remaining fixed), but it has
recently been shown that epithelial damage is inversely
related to the speed of opening.9,32 It seems, therefore,
that the injurious effects of the atelectrauma that
occurs at low lung volumes are somehow potentiated
by the large tissue stresses produced by a high Vt, or
vice versa. We do not know the mechanistic basis of
this potentiation, but it seems clear that the effects of
high Vt and zero PEEP are more than additive.

The situation gets more complicated when we
attempt to halt or reverse the progression of VILI. In
the case of our mouse model of VILI, there are two
obvious interventions—either reduce Vt or increase
PEEP. Figure 4 shows that reducing Vt after 2 h of
injurious ventilation was more effective than increasing
PEEP at suppressing the subsequent rate of progres-
sion of VILI. Reducing Vt was also more effective than
increasing PEEP at preventing BALF protein (Fig. 5)
and pro-inflammatory cytokines (Fig. 6) from becom-
ing elevated. These observations are reminiscent of
recent clinical findings that low Vt ventilation in
ARDS patients has proven to be highly efficacious,5,6

while increasing PEEP has yielded equivocal benefits in
patients8,19,20 despite the fact that it is known to
improve alveolar stability14 and prevent atelectrauma31

in animal models. Nevertheless, Fig. 4 shows that
although the progression of VILI after 2 h of injurious
ventilation in our mice was more limited following
reduction of Vt compared to increasing PEEP, it still
continued to progress in both cases. Thus, even though
ventilation had been returned to ventilatory regimens
that were non-injurious in the healthy lung (Fig. 2, top
right and bottom left), they were injurious in the
injured lung. This demonstrates that the progression
of VILI depends on the injury history of the lung,
consistent with previous findings.11

FIGURE 7. Simulations of measurements of derecruitability
provided by the computational model. The left-hand most rise
in Elastance (equivalent to experimental H) was produced
using model parameter values corresponding to a control
lung. The remaining 11 traces were produced by progres-
sively increasing the mean critical open and closing pres-
sures in the model by 1 cmH2O, corresponding to a
progressively increasing surface tension.
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Another notable feature of the data shown in the
bottom right panel of Fig. 2 is an accelerating course
for VILI once it starts. Specifically, while derecruit-
ability of the lung remained relatively stable for the
first hour or so of mechanical ventilation with com-
bined high Vt and zero PEEP, once the upward sweeps
in H started to increase in magnitude, they continued
to do so at an ever increasing rate. This suggests the
onset of a positive feedback mechanism, or ‘‘vicious
cycle’’. A possible mechanism that might cause this
effect is fluid and/or protein leak from the vasculature
into the airspaces of the lung. Both volutrauma and
atelectrauma are known to cause increased leak of this
kind, which will interfere with the function of the
pulmonary surfactant16 and cause an increase in sur-
face tension at the air–liquid interface. This would, in
turn, increase the tissue stresses associated with
mechanical ventilation, thereby causing more injury,
more leak, and worsening lung mechanics. This view of
the situation suggests that the onset of VILI might be
defined by those conditions of mechanical ventilation
under which the intrinsic alveolar fluid clearance
mechanisms of the lung are unable to keep up with the
increased leak of fluid and protein caused by the ven-
tilation. Furthermore, one would expect this balance
to be compromised when the pulmonary epithelium
and endothelium are already damaged, which would
explain why normally safe ventilatory regimens (e.g.,
Fig. 2, top right and bottom left) can still be further
injurious in the already injured lung (Fig. 4).

As a further test of the altered surface tension the-
ory, we used our previously developed computational
model of lung recruitment and derecruitment1,7,17 to
simulate the accelerating time courses of derecruit-
ability shown in the bottom right panel of Fig. 2. This
model was shown in a previous study from our labo-
ratory to be able to mimic the time courses of H
following a deep lung inflation in both control and
acid-injured mice17 when the parameters of the model
are drawn from appropriate probability distributions.
Importantly, the only effect of acid injury on the best-
fit model parameters in this previous study was a
parallel upward movement of the means of the
Gaussian distributions determining the critical opening
and closing pressures. Although the mechanism of
delayed recruitment and derecruitment in the model
was originally designed to be purely empirical,7 it
actually bears a striking resemblance to processes that
have been identified in previous in vitro studies from
other laboratories on the opening and closing of
collapsible tubing lined with fluid; it seems that an
increase in opening and closing pressures are most
likely attributable to increased surface tension in the
fluid lining.22,23 This does not, of course, rule out other
possibilities that may have occurred in our mice, such

as a change in fluid viscosity, or non-equal increases in
critical opening and closing pressures. Nevertheless,
when we start the computational model off with the
mean values we found previously for the opening and
closing pressures in normal mice,17 and then increase
these means linearly with time, we predict H time
courses (Fig. 7) that are very similar to those observed
experimentally (Fig. 2d).

These model simulations thus support the notion
that continued leakage of fluid and protein into the
airspaces of the lung over the course of mechanical
ventilation caused a progressive increase in surface
tension, leading to the vicious cycle of damage outlined
in the preceding paragraph. This might then be further
exacerbated by feedback from other developing path-
ologic processes related to biotrauma coming from
locally elaborated inflammatory cytokines.18 Although
these ideas remain to be fully developed, by incorpo-
rating them into a computational model such as the
one we present here, we are beginning to develop a
framework for the in silico assessment of the injury
potential of arbitrary ventilatory regimens, something
that can be done much more rapidly and efficiently
than in the animal or human laboratory.

The results of this study thus show that the
development of VILI depends on Vt and PEEP, both
individually and in combination, and that these con-
tributions change with the state of injury of the lung.
In many ways this is not a new concept, as it is well
recognized that the combination of high PEEP and
low Vt improves stabilization of lung units and
reduces lung injury.14 On the other hand, we have little
idea at present about how to determine the optimum
combination of Vt and PEEP for a given lung. The
general problem can be understood by considering the
Vt–PEEP plane, shown in Fig. 8, in which any given
point corresponds to a particular combination of Vt
and PEEP. We can imagine the Vt–PEEP plane to be
composed of two distinct regions, a region that is
damaging to the lung (leads to the development of
VILI) and a region that is ‘‘safe’’. The borders of the
safe region define a closed curve in the middle of the
plane inside which Vt is neither too high (thereby
avoiding volutrauma) nor too low (thereby provid-
ing sufficient ventilation). Likewise, PEEP in the safe
region is neither too high (again avoiding volutrauma)
nor too low (avoiding atelectrauma). The safe region is
also asymmetric, reflecting the synergistic interactions
between high Vt and Low PEEP. Importantly, the area
of the safe region decreases as lung injury develops
because points close to its borders for a normal lung
may represent combinations of Vt and PEEP that can
cause VILI in an injured lung, as our results have
shown. Finally, the zones we have begun to identify
here (Fig. 8) apply to the situation of particular values
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of Vt and PEEP applied for 15 min intervals inter-
spersed with 3 min of low Vt (as required to assess
derecruitability). These low Vt segments may have
provided important rest periods without which the lung
might have succumbed more quickly. The size and
shape of the safe zone in the Vt–PEEP plane is thus
likely to depend on if and how the lung is periodically
allowed to rest.

Thus, when treating the injured lung, there is a
shrinking window of opportunity to intervene with a
mode of mechanical ventilation that resides within the
safe region of the Vt–PEEP plane. If VILI progresses
too far, then the safe region may disappear altogether,
highlighting the need for early recognition and treat-
ment of ALI/ARDS, which may be the first step in
reducing its morbidity and mortality.13 The challenge
of ventilating the injured lung then reduces to one of
identifying the safe region in the Vt–PEEP plane. Our
results suggest that ongoing assessment of lung
mechanics, and derecruitability in particular, may
provide a means for achieving this goal. Nevertheless,
the safe region illustrated in Fig. 8 is still speculative;

defining it accurately and completely for any given
lung remains a daunting challenge.

We must also be cognizant of the limitations of this
study upon which this notion rests. Our data come
from mice that were mechanically ventilated for only a
few hours, while patients with ALI/ARDS are often
ventilated for days or weeks. Consequently, we have
no intermediate or long term data about recovery from
or progression of VILI following changes in the pat-
tern of ventilation. We also only studied mice with
initially normal lungs, so we do not yet know how the
notion of the safe region carries over to lungs that have
already been injured by clinically relevant events such
as trauma, aspiration or sepsis. Also, the mice in this
study were paralyzed throughout mechanical ventila-
tion, a condition not always met in patients with
injured lungs. However, although neuromuscular
blockage was shown to improve survival in severe
acute respiratory distress syndrome, it did not signifi-
cantly affect the pressures experienced by the lungs,21

so it is difficult to say if paralysis might have had any
effect on the degree of injury in this study. There is
thus clearly much more to be done both in terms of
elucidating the mechanisms of the synergy between
high Vt and low PEEP, and in understanding how to
define the safe region in the Vt–PEEP plane and how it
evolves with developing injury.

In conclusion, we have shown that VILI develops
when initially normal mice are ventilated for 4 h with a
combination of high Vt and zero PEEP, while 4 h of
either setting on its own is not measurably injurious.
Furthermore, high Vt and zero PEEP appear to act
synergistically. Our data also show that VILI
progresses inexorably once started, suggesting the
involvement of a vicious cycle in which continued leak,
increasing surface tension, and further tissue stress
conspire to drive the lung toward complete failure.
Consequently, combinations of Vt and PEEP that are
safe in a normal lung may no longer be safe once the
lung becomes injured. The non-injurious combinations
of Vt and PEEP thus define a safe region within the
Vt–PEEP plane, the area of which tends to shrink
as injury develops. The challenge of ventilating the
injured lung can thus be seen as one of defining the
changing borders of the safe region in the Vt–PEEP
plane, and ventilating within it.
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FIGURE 8. The Vt–PEEP plane defining arbitrary combina-
tions of Vt and PEEP for mechanical ventilation. Within the
center of this plane lies a ‘‘safe region’’, represented sche-
matically by the solid boundary, within which the normal lung
can be ventilated without fear of generating VILI. This region
contains the ventilator settings for the high Vt group (filled
square) and the zero PEEP group (open circle) but not the
high Vt/zero PEEP group (filled circle). Figure 3 shows that
the borders of this safe region have moved inwards after 3 h
of injurious ventilation (dashed boundary) such that it no
longer includes either of the previously safe points corre-
sponding to the high Vt and zero PEEP groups. It is important
to note that the borders of these regions are, for the most part,
highly speculative. We have evidence from this study that
these borders are constrained to be as shown either side of
the three data points shown, and they must obviously lie
some physiologically reasonable distance above Vt 5 0.
Apart from that, however, their positions are at present
unknown.

SEAH et al.1514



REFERENCES

1Albert, S. P., J. DiRocco, G. B. Allen, J. H. T. Bates,
R. Lafollette, B. D. Kubiak, J. Fischer, S. Maroney, and
G. F. Nieman. The role of time and pressure on alveolar
recruitment. J. Appl. Physiol. 106:757–765, 2009.
2Allen, G. B., L. K. Lundblad, P. Parsons, and J. H. T.
Bates. Transient mechanical benefits of a deep inflation in
the injured mouse lung. J. Appl. Physiol. 93:1709–1715,
2002.
3Allen, G. B., L. A. Pavone, J. D. DiRocco, J. H. T. Bates,
and G. F. Nieman. Pulmonary impedance and alveolar
instability during injurious ventilation in rats. J. Appl.
Physiol. 99:723–730, 2005.
4Allen, G. B., T. Leclair, M. Cloutier, J. Thompson-
Figueroa, and J. H. T. Bates. The response to recruitment
worsens with progression of lung injury and fibrin accu-
mulation in a mouse model of acid aspiration. Am.
J. Physiol. 292:L1580–L1589, 2007.
5Amato, M. B., C. S. Barbas, D. M. Medeiros, P. Schettino
Gde, G. Lorenzi Filho, R. A. Kairalla, D. Deheinzelin,
C. Morais, O. Fernandes Ede, T. Y. Takagaki, et al.
Beneficial effects of the ‘‘open lung approach’’ with low
distending pressures in acute respiratory distress syndrome.
A prospective randomized study on mechanical ventila-
tion. Am. J. Respir. Crit. Care Med. 152:1835–1846, 1995.
6ARDSnet. Ventilation with lower tidal volumes as com-
pared with traditional tidal volumes for acute lung injury
and the acute respiratory distress syndrome. N. Engl.
J. Med. 342:1301–1308, 2000.
7Bates, J. H. T., and C. G. Irvin. Time dependence of
recruitment and derecruitment in the lung: a theoretical
model. J. Appl. Physiol. 93:705–713, 2002.
8Brower, R. G., P. N. Lanken, N. MacIntyre, M. A.
Matthay, A. Morris, M. Ancukiewicz, D. Schoenfeld, and
B. T. Thompson. Higher versus lower positive end-expi-
ratory pressures in patients with the acute respiratory dis-
tress syndrome. N. Engl. J. Med. 351:327–336, 2004.
9Dailey, H. L., L. M. Ricles, H. C. Yalcin, and S. N.
Ghadiali. Image-based finite element modeling of alveolar
epithelial cell injury during airway reopening. J. Appl.
Physiol. 106:221–232, 2009.

10Dreyfuss, D., P. Soler, G. Basset, and G. Saumon. High
inflation pressure pulmonary edema. Respective effects of
high airway pressure, high tidal volume, and positive end-
expiratory pressure. Am. Rev. Respir. Dis. 137:1159–1164,
1988.

11Frank, J. A., J. A. Gutierrez, K. D. Jones, L. Allen,
L. Dobbs, and M. A. Matthay. Low tidal volume reduces
epithelial and endothelial injury in acid-injured rat lungs.
Am. J. Respir. Crit. Care Med. 165:242–249, 2002.

12Gajic, O., J. Lee, C. H. Doerr, J. C. Berrios, J. L. Myers,
and R. D. Hubmayr. Ventilator-induced cell wounding and
repair in the intact lung. Am. J. Respir. Crit. Care Med.
167:1057–1063, 2003.

13Gajic, O., B. Afessa, B. T. Thompson, F. Frutos-Vivar,
M. Malinchoc, G. D. Rubenfeld, A. Esteban, A. Anzueto,
and R. D. Hubmayr. Prediction of death and prolonged
mechanical ventilation in acute lung injury. Crit. Care
11:R53, 2007.

14Halter, J. M., J. M. Steinberg, L. A. Gatto, J. D. DiRocco,
L. A. Pavone, H. J. Schiller, S. Albert, H. M. Lee,
D. Carney, and G. F. Nieman. Effect of positive end-
expiratory pressure and tidal volume on lung injury
induced by alveolar instability. Crit. Care 11:R20, 2007.

15Hantos, Z., B. Daroczy, B. Suki, S. Nagy, and J. J.
Fredberg. Input impedance and peripheral inhomogeneity
of dog lungs. J. Appl. Physiol. 72:168–178, 1992.

16Kobayashi, T., K. Nitta, M. Ganzuka, S. Inui,
G.Grossmann, andB.Robertson. Inactivationof exogenous
surfactant by pulmonary edema fluid. Pediatr. Res. 29:
353–356, 1991.

17Massa, C. B., G. B. Allen, and J. H. T. Bates. Modeling the
dynamics of recruitment and derecruitment in mice with
acute lung injury. J. Appl. Physiol. 105:1813–1821, 2008.

18McCourtie, A. S., H. E. Merry, A. S. Farivar, C. H. Goss,
and M. S. Mulligan. Alveolar macrophage secretory
products augment the response of rat pulmonary artery
endothelial cells to hypoxia and reoxygenation. Ann. Tho-
rac. Surg. 85:1056–1060, 2008.

19Meade, M. O., D. J. Cook, G. H. Guyatt, A. S. Slutsky,
Y. M. Arabi, D. J. Cooper, A. R. Davies, L. E. Hand,
Q. Zhou, L. Thabane, P. Austin, S. Lapinsky, A. Baxter,
J. Russell, Y. Skrobik, J. J. Ronco, and T. E. Stewart.
Ventilation strategy using low tidal volumes, recruitment
maneuvers, and high positive end-expiratory pressure for
acute lung injury and acute respiratory distress syndrome: a
randomized controlled trial. JAMA 299:637–645, 2008.

20Mercat, A., J. C. Richard, B. Vielle, S. Jaber, D. Osman,
J. L. Diehl, J. Y. Lefrant, G. Prat, J. Richecoeur,
A. Nieszkowska, C. Gervais, J. Baudot, L. Bouadma, and
L. Brochard. Positive end-expiratory pressure setting in
adults with acute lung injury and acute respiratory distress
syndrome: a randomized controlled trial. JAMA 299:
646–655, 2008.

21Papazian, L., J. M. Forel, A. Gacouin, C. Penot-Ragon,
G. Perrin, A. Loundou, S. Jaber, J. M. Arnal, D. Perez,
J. M. Seghboyan, J. M. Constantin, P. Courant, J. Y.
Lefrant, C. Guerin, G. Prat, S. Morange, and A. Roch.
Neuromuscular blockers in early acute respiratory distress
syndrome. N. Engl. J. Med. 363:1107–1116, 2010.

22Perun, M. L., and D. P. Gaver, 3rd. An experimental
model investigation of the opening of a collapsed unteth-
ered pulmonary airway. J. Biomech. Eng. 117:245–253,
1995.

23Perun, M. L., and D. P. Gaver, 3rd. Interaction between
airway lining fluid forces and parenchymal tethering during
pulmonary airway reopening. J. Appl. Physiol. 79:1717–
1728, 1995.

24Rubenfeld, G. D., E. Caldwell, E. Peabody, J. Weaver,
D. P. Martin, M. Neff, E. J. Stern, and L. D. Hudson.
Incidence and outcomes of acute lung injury. N. Engl.
J. Med. 353:1685–1693, 2005.

25Schuessler, T. F., and J. H. T. Bates. A computer-con-
trolled research ventilator for small animals: design and
evaluation. IEEE Trans. Biomed. Eng. 42:860–866, 1995.

26Slutsky, A. S. Lung injury caused by mechanical ventila-
tion. Chest 116:9S–15S, 1999.

27Slutsky, A. S. Ventilator-induced lung injury: from baro-
trauma to biotrauma. Respir. Care 50:646–659, 2005.

28Stapleton, R. D., B. M. Wang, L. D. Hudson, G. D.
Rubenfeld, E. S. Caldwell, and K. P. Steinberg. Causes and
timing of death in patients with ARDS. Chest 128:525–532,
2005.

29Tremblay, L. N., and A. S. Slutsky. Ventilator-induced
injury: from barotrauma to biotrauma. Proc. Assoc. Am.
Physicians 110:482–488, 1998.

30Tremblay, L. N., and A. S. Slutsky. Ventilator-induced
lung injury: from the bench to the bedside. Intensive Care
Med. 32:24–33, 2006.

Tidal Volume and PEEP in Lung Injury 1515



31Webb, H. H., and D. F. Tierney. Experimental pulmonary
edema due to intermittent positive pressure ventilation with
high inflation pressures. Protection by positive end-expi-
ratory pressure. Am. Rev. Respir. Dis. 110:556–565, 1974.

32Yalcin, H. C., S. F. Perry, and S. N. Ghadiali. Influence of
airway diameter and cell confluence on epithelial cell injury
in an in vitro model of airway reopening. J. Appl. Physiol.
103:1796–1807, 2007.

SEAH et al.1516


	Quantifying the Roles of Tidal Volume and PEEP in the Pathogenesis of Ventilator-Induced Lung Injury
	Abstract
	Introduction
	Methods
	Animal Procedures
	Study Protocol
	Control Group
	High Vt Group
	Zero PEEP Group
	High Vt/Zero PEEP Group
	PEEP Rescue Groups
	Vt Rescue Groups

	Statistical Analysis
	Computational Modeling

	Results
	Discussion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


