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protective strategies and their physiologi

rationale. Lung protective ventilation can
reduce mortality in adult respiratory distress
syndrome (ARDS) patients. We reviev

This review addresses the current state of lu@ epartment of Anesthesiology
1

steps to accomplish an ope
as well as data from ani
Finally, guidelines fg

fanosis, ou 1g compliance
alveolar\infiltration seen on the

notably surfactan Action.! Over 40 years

Address reprint requests to: Prof. Dr. B. Lachmann,
Department of Anesthesiology (Room EE 2393), Erasmus-
MC Faculty, PO Box 1738, 3000 DR, Rotterdam, The
Netherlands. E-mail: b.Jachmann@erasmusmc.nl

vol. 72, N. 3

\
D

9

2

Erasmus-MC Faculty
otterdam, The Netherlands

Y%

ork of Asbaugh’s group, von
n 1929 was the first to suggest

showed that the pressure neces-
the lung with liquid was less than
he pressure needed to fill the lung with
His explanation for this remarkable dif-

thie interface of each alveolus there must be
Some retraction forces between air and fluid.
This retraction force could reduce the size
of the alveolus according to the law of
Laplace.2 From the law of Laplace, P = 2y/r (P
= pressure in the bubble; y = surface tension;
r = radius of the bubble), it could be con-
cluded that a reduction of the radius of a
bubble needs an equal reduction in surface
tension to keep the bubble stable, which can
only be accomplished by a dynamic behav-
ior of a surface tension lowering material,
which is pulmonary surfactant.

Thus, when the endogenous surfactant sys-
tem is impaired, independent of the cause,
the rise in surface tension will result in atelec-
tasis formation, enlargement of the functional
right-to-left shunt, pulmonary edema,
impaired gas exchange and subsequent
hypoxemia.3 These patients require mechan-
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Figure 1.—Pressure volume diagram of a healthy air-filled
lung and an ARDS lung. In ARDS higher pressures are
required to expand the lung compared to a healthy lung
due to the high surface tension at the air-liquid interface
in the alveoli, which is caused by surfactant inactivity.
[Adapted from von Neergaard 2.

ical ventilation to decrease their work of
breathing and reverse the life-threatening
hypoxemia and their respiratory a

tidal volume (TV) is set (@ume controlle
ventilation) or a fixed pressufe is'set resu

lung; or in othe ds, when applying the
same airway pressure more volume will enter
the healthy lung than into an ARDS lung. The
P-V diagram depicted in Figure 1 demon-
strates that, when using pressure controlled
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re 2.—Dj
oli. When
alveoli are

2 showing the interdependence of alve-
al alveoliaré ventilated (A) forces between
nechanical ventilation of the same alve-
nt inactivation (B) results in end-
gpse.and subsequent shear forces on sur-

i [Adapted from Mead et al’].

, airway pressures need to be
o the individual lung thus allowing

adequate CO, elimination. Setting a fixed
olame will indeed allow sufficient ventilation
and thus adequate CO, elimination, but it
may lead to high airway pressures in stiff
(ARDS) lungs. The high airway pressures
generated in ARDS lungs are further
enhanced due to the inhomogeneity in dis-
tensibility of the injured lung,” the open and
thus relatively healthy lung parts will be
prone to overinflation while the injured lung
areas will not be inflated. The progression
of the injury to the lung will result in atelectat-
ic lung areas and patches of still open lung tis-
sue. When this lung is ventilated, even with
small TVs, air will go preferentially to these
open still compliant parts. This phenomenon
has been described as a ‘baby lung’ and the
subsequent ventilation even with small TVs
will result in overdistension.8 Depending on
the amount of collapsed lung tissue even
these small TVs will increase the actual TV
delivered to the open lung areas several fold
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(when 75% of the lung is collapsed, the open
lung part will receive 4 times the volume in
the open lung areas).

Pioneering work of Mead et al. demon-
strated that, due to the pulmonary interde-
pendence of the alveoli, the forces acting on
the fragile lung tissue in non-uniformly
expanded lungs are not only the applied
transpulmonary pressures, but also the shear
forces that are present in the interstitium
between open and closed alveoli (Figure 2).9
Transpulmonary pressures of 30 cmH,O will
result in shear forces of 140 cmH,0O.% Shear
forces, rather than end-inspiratory over-
stretching, may well be the major reason for
epithelial disruption and the loss of barrier
function of the alveolar epithelium. In an
ARDS lung there is a coexistence of collapse
alveoli, non-collapsed alveoli and alveoli tha
are subjected to repeated opening and clo-
sure; espec1ally this latter Category is sub—

umes can augment lung in]ury in
an impaired surfactant syste ‘

in TV, i.e. 18

45/10 and ,
Dreyfuss et al. further explored the role of TV
and peak inspiratory pressures on lung
injury.15 In an animal model they applied
high inspiratory pressures in combination
with high volumes which resulted in

vol. 72, N. 3
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increased alveolar permeability.!5 In a sec-

U
of this group (high-
eygroup) did not differ
sup.15 Thus large TV ven-
alveolar permeability,

injury. Similar observations were
its. ventilated with high peak
orax excursions were

}ast 16 In injured lungs

: S\r lumes only aggravated

as demonstrated in animals

rént repetitive Collapse, reducing
es.19:20 The most important role of
is to preserve surfactant function. Two
¢ mechanisms have been reported to
explain the surfactant-preserving effect of
FEP during mechanical ventilation. The first
mechanism is alteration of the surfactant film
by surface area changes, already suggested in
1972.21 Wyszogrodski et al. demonstrated that
PEEP could prevent collapse of the alveolar
surface film due to low lung volumes in no-
PEEP ventilation and thus prevent alteration
of the endogenous surfactant, substantiated
in this model by surface tension measure-
ment and lung compliance.?2 Later it was
shown that especially large area changes
result in conversion of active surfactant (large
aggregates LA) into inactive surfactant (small
aggregates SA), believed to be the reason for
the deterioration of surfactant function.!3. 23,
24 In the model first described by Webb and
Tierney, 10 cmH,O PEEP prevents a signifi-
cant conversion of large aggregates into small
aggregates compared with non-ventilated
controls.13 25 A second mechanism explaining

119



HAITSMA

how PEEP preserves surfactant function, is the
prevention of loss of surfactant to the prox-
imal airways. In 19706, an ex-vivo model was
used to show that ventilation caused move-
ment of surfactant to the airways from the
alveoli.26 Preventing alveolar collapse and
keeping the end-expiratory volume of alve-
oli at a higher level, prevents excessive loss
of surfactant in the small airways by a
squeeze-out mechanism during expiration.13,
14, 26, 27

Accumulation of proteins in the lung due
to influx of edema results in inactivation of
surfactant.28-30 PEEP can reduce this accu-
mulation of protein in the lung and the sub-
sequent inactivation of surfactant. Studying
the effect of two PEEP levels Hartog et al.
subjected rats to whole lung lavage to remoyé
the endogenous surfactant.20 In the first grotip
PEEP was set to prevent hypoxemia (PEEP 8
cmH,0) and in the other group PEEP Was
set to prevent collapse of alveoli (J
cmH,0) during the lavage pro
Although there was a similar amov
factant left in the lungs of both gt
was a marked increase in give

influx, minimizing
mechanics and othe

a lung protective
PEEP), lower levels

these lower leve inflammatory media-
tors correlated with lower levels of multi-
organ failure and thus improved patient out-
come.36

These observations that mechanical venti-
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lation influences mediator levels and finally
y exper-
Tremblay

strategies could i
Using an isolated sed rat lung mod—
{ ventilation with
¢ bodyweight) and

ncreased levels of TNF-

éd in only a 51gn1f1cant effect on

mentioned cytokines in the pre-
.3ition of PEEP of 10
N L

prevented this increase of

hat ventilation-induced
dependent on the level
e inflammatory milieu is cor-

egies in vivo in healthy lungs.?
contrast, ventilation of an “inflamed”
has been shown to result in release of
ytokines.37. 38,40 One of the proposed mech-
anisms for increased mediator levels found in
injuriously ventilated lungs or in the serum of
these animals is the loss of compartmental-
ization.?> 41,42 The concept of compartmen-
talization states that the inflammatory
response remains compartmentalized in the
area of the body where it is produced, i.e. in
the alveolar space or in the systemic circula-
tion.25 41, 42 Recently, our group demonstrat-
ed that compartmentalization of TNF-a (a
proinflammatory cytokine) is lost after ven-
tilator-induced lung injury.2 This loss of com-
partmentalization is dependent on the
amount of active surfactant present at the
alveolar-capillary membrane 4! Preserving the
endogenous surfactant system with PEEP will
(further) reduce this loss of compartmental-
ization.#!

Imai et al. in a rabbit acid-aspiration lung
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injury model demonstrated that ventilation
without PEEP and high TV resulted in
increased levels of end-organ epithelial cell
apoptosis (injurious ventilation 10.9%; non-
injurious 1.86%).43 Kidneys are amongst the
first organs to fail during multi-organ fail-
ure,% in this study especially renal tubular
epithelial cells showed increased levels of
apoptosis linking injurious ventilation with
possible organ failure as observed in many
patients with ARDS.43 Plasma obtained from
the rabbits that underwent the injurious ven-
tilation strategy induced higher levels of
apoptosis in cultured renal cells i vitro, sug-
gesting that circulating soluble factors asso-
ciated with the injurious mechanical ventila-
tion might be involved in this process.43
Fas:Ig, a fusion protein that blocks soluble F3
ligand (a pro-apoptotic molecule), attenu3
ed this induction of apoptosis in vitro. In
plasma samples from patients included in a

ventilation compared to the con
ventilated group.4 These datati

Ji—démonstrated that
ould influence mor-

retrospective study of 50 ARDS patients
decreased mortality.46 The outcome of this
study sparked renewed interest in lowering
TV in ARDS patients. Three subsequent con-
trolled trials using low TV strategies were
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simultaneously started but all failed to improve

ig their control
[V of 6 mL/kg

eight) the ARDS net-
edluce mortality.50 The

y, the power of the study
studied 861 patients while

ients), And the aggressive treatment/pre-
\ation of acidc@%é The only other ran-

rial to show a reduction

patients was significantly
pplying a protective ventilation
study TV was also reduced

;O compared with 8-10 cmH,O PEEP in
tudies by Brochard et al.47 Brower et
4 and Stewart et al4 (Figure 3).
perimental data have shown that ventilation
with low TVs by itself does not prevent lung
injury and may even worsen lung injury when
repeated collapse of lung tissue is not pre-
vented.10 In the ARDS network trial the low TV
group had a slightly higher set PEEP of 9
cmH,O compared to a set PEEP of 8 cmH,O
in the control group.5® However, the increased
respiratory rate (to help prevent acidosis)
used in the low TV group may have resulted
in intrinsic PEEP which contributed to a high-
er total PEEP (16 cmH,O) in this group 52 53
compared to 12 cmH,O in the traditional TV
group. This higher total PEEP could help
explain the decrease in mortality observed in
this group (Figure 3). Furthermore, in the
ARDS network study only 12% of the screened
patients were randomized while the mortali-
ty in the excluded group was higher than
those included in the trial.54 55
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PEEP (H,0)

0
Brochard Brower Steward Amato ARDShet

Figure 3.—Total PEEP levels applied in studies on pro-
tective mechanical ventilation. Studies used are by Brochard
et al.,” Brower et al.,*® Stewart et al.,” Amato et al’* and the
ARDSnet * with intrinsic PEEP modification from De
Durante et al’*> Black bars represent the PEEP levels in
the lung protective strategies and the white bars the PEEP
levels of the control arms of the corresponding studies.

In 2004 the ARDS Network published the
follow-up study, investigating if increased
PEEP levels combined with low TV ventila-

rule. Although in this stud

Y, et@en the

en more disturb-
study only three
ilated patients stud-
>’above 15 cmH,0.57
Whereas it is known that high PEEP levels
above 15 cmH,O are necessary to prevent
repetitive collapse of alveoli and thus reduce
shear forces.!9 Furthermore, only studies

ing is that in
patients of the
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using PEEP levels above, 15 cmH,O in their

characterized by
American-European
1Ce on ARDS 58 patients

ARDS .36 These increased serum
tory mediators were
'@entilat@d with conven-

n contrast a lung protective

of days without non-pulmonary organ
ystem failure (circulatory, coagulation
d renal failure) was significantly higher in
the group treated with lower TVs.5 Increased
levels of inflammatory mediators correlate
with the development of ARDS ¢ and high
broncho-alveolar lavage levels of these medi-
ators in ARDS lungs have been described
extensively.01-63 Furthermore, persistent high
levels of inflammatory mediators in the lung
over time correlate with poor outcome.%4
Similarly, plasma levels of inflammatory medi-
ators correlate with severity of ARDS and
subsequently outcome.%4 65 Headley et al.
investigated the role of inflammatory plas-
ma cytokines during infections and systemic
inflammation, and the subsequent develop-
ment and progression of ARDS.% The final
outcome of ARDS patients correlated with
the magnitude and duration of the host
inflammatory response in the serum and was
independent of the precipitating cause of
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ARDS or the occurrence of infections.6
Similar observation were made in multiple
trauma patients in which high concentrations
of cytokines correlated with the development
of ARDS and finally multi-organ failure.® Our
group has demonstrated that injurious
mechanical ventilation can result in loss of a
compartmentalized inflammation response
and thus increasing serum levels of inflam-
matory mediators;® similar observations were
made by Chiumello et al.4 Especially in the
early stage of an inflammation the response
will be compartmentalized, as observed in
community-acquired pneumonia.®’

In healthy patients no effects on plasma
levels of mediators were observed during 1
h of mechanical ventilation; even ventilation
with high TVs on ZEEP did not result in high-
er cytokine levels compared with lung-pte-
tective ventilatory strategies.® Previous lung
damage seems to be mandatory to cause an

TV ventilation.o8

Thus, in ARDS there is an infla
with increased levels of proint
mediators, and ventilation itsé

of the alveolar- Capﬂlary @Drane is lost this
W111 result in leakage o ed1to g to the i

sequent increase
in the circulation

hlgher level of
When these lungs

ammation response
should be minimized and the barrier func-
tion of the lung should be preserved. Using
a lung protective ventilation, the outcome of
these patients can be improved. So what

vol. 72, N. 3

HAITSMA

guidelines or rules shoyld we use in lung

and 1992 Lad}
lation strategy.> §

dng and keep the lung
his lung protective guide-

must be overcome durmg inspi-
ing pressure must be main-

y long period of time;
no critical time that

)

% hy should we open the
5 an “open lung”? In addition,

What is an open lung and why should it
be opened?

When a lung is “open” it is characterized by
an optimal gas exchange % and a low rate of
intrapulmonary shunting (ideally less than
10%) corresponding with a PaO, of more
than 450 mmHg on pure oxygen.”® At the
same time, airway pressures are at the mini-
mum that ensure the required gas exchange;
hemodynamic side-effects are thus mini-
mized.®® All alveoli are almost equally
expanded, minimizing shear forces between
closed and open alveoli reducing any fur-
ther damage or progression of lung injury.
An open lung corresponds with the “normal”
state of a healthy lung. All alveoli are expand-
ed, and although they change size during
respiration no alveoli collapse. Ashbaugh et
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Figure 4.—Physiological behavior of the alveolus. The
pressure-volume (P-V) relation is shown on the X-Y axes.
The right side shows the status of the broncho-alveolar unit:
its radius (r) reflects the P-V relation (I-IV). Surface tension
in pathological (T1) and normal conditions (T2) is shown.
The arrows indicate the direction from closed (bottom)
to open (top) states and vice versa.

al. already described the consequences of

closed lung units; hypoxemia, intrap

Thus an open lung has no (or
bers of) collapsed alveoli. In AR
tasis is a hallmark of the disea
step in an open lung is
atelectatic areas.

pressure. Any state between open and closed
is unstable and impossible to maintain. After
opening of the alveoli, they should be kept
open by using a ventilator setting which will
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Open

Keep-open!
Open

Closed

\chieved state of the lung. At the begin-
amount of collapsed lung tissue is not

ntilation period no col-
occurs, reducing shear forces

pen lung maneuver

pen lung maneuver describes the
ps and methods used to safely open the
and how to keep it open. Figure 5 shows
e predetermined sequence of therapeutic
phases, each with its specific treatment objec-
tive.9, 72 As shown in Figure 5, the goal of the
initial increase in inspiratory pressure is to
recruit collapsed alveoli and to determine
the critical opening pressure. Then, the min-
imum pressures that prevent the lung from
collapse are determined. Finally, after an
active re-opening maneuver sufficient pres-
sure is applied to keep the lung open.

After opening the lung and finding the
lowest pressure to keep it open, the resulting
pressure amplitude is minimized and at the
same time pulmonary gas exchange is max-
imized. A reduction of the total level of sup-
port is generally possible after a successful
alveolar recruitment.”?

Should a renewed collapse of alveoli occur,
often caused by intrapulmonary suction or
disconnection, a fall in PaO, indicates that a
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re-opening maneuver has to be performed in
the same way as previously described.

Monitoring an open lung: direct
methods

The most direct way to know whether a
lung is completely open is to visualize the
lung itself. This can be accomplished by
means of radiology. The classic method of a
frontal chest X-ray gives a fast and easy indi-
cation of the state of the lung. However, the
technique used for obtaining a frontal chest
film severely restricts this method. If the chest
X-ray is taken during inspiration for normal
diagnostic purpose, lung areas open on the
film can be collapsed during expiration (
enough PEEP) in the same lung. Therefore
differentiate if a lung is open, it is mandato-
ry that all chest X-rays should be made dur-

patients with a severe lung i
high levels of PEEP generated

alveoli due to loss of thi
total amount of PEEP.
tations to what can
especially atelecta

\sportation of
resulting in a

be used at the bedside’ of patients to visual-
ize the aeration of lung is electrical imped-
ance tomography.”> In this technique changes
in impedance due to lung volume changes in
a 2-D image plane are registered and plotted
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against time. Using this technique the lower

oW only used exper-
her development and

d through cameras on an auto-
1.76 This technique has
gister volume changes
owever,% markers are

direct methods, a number of
ds exist which can help deter-
state of the openness of the lung.

Indirect methods

rterial oxygen tension is a traditional tool
ed to obtain indirect information on the
lung function. When using 100% oxygen an
arterial oxygen tension above 450 mmHg
characterizes an open lung. The registration
of PaO, by continuous online intra-arterial
measurements facilitates this process. Because
direct intra-arterial measurements quickly
respond (seconds) to changes in oxygena-
tion, this allows rapid adjustment of ventila-
tion. Furthermore, when recruitable lung
areas are still available a further recruitment
procedure will result in an additional rise of
PaO,. When the maximal recruitment has
been reached a further increase of inspirato-
ry pressures will not lead to a further rise in
arterial oxygenation, indicating that the lung
is open. When the inspiratory pressures are
increased even further this will lead to a
decrease in PaO, because of V/Q mismatch-
ing. With this very sensitive technique even
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small pockets of atelectasis can be actively
recruited.

Finally, when searching for the minimal
pressure needed to maintain an open lung, a
decrease in pressures below the critical clos-
ing level will result in an immediate decrease
in arterial oxygenation.

In principal one can use any FiO, that one
deems safe, but especially in critically ill
patients (ARDS) this could lead to a (tempo-
rary) period of severe hypoxia, when search-
ing for the closing pressure. Furthermore at
a high FiO, level it is easier to recognize small
atelectasis which could be missed at lower
FiO, levels due to the inherent margin of
error of every machine. Therefore we would
advocate the use of an FiO, of 1 which can
afterwards be reduced to safe margins. Thi
technique is easier with an intra-arterial oxy
gen sensor, transcutaneous saturation sen-
SOrs messengers can serve as a non-optimal
online alternative.

If ofﬂme artenal blood gases cama be

or overinflatigfn. (Thi¢ overinflation of FRC
has also been teferred tg as the ‘baby lung’.8
Overinflation of\the baby lung can lead to
ventilator-associated lung injury and subse-
quent worsening of the lung injury.8
Another simple method, which is very
effective in opening larger atelectatic areas, is
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the use of the physician’s best friend ‘the

> and shifting of
clear indications
ompletely open during
on cycle.”7 In an ‘open

nt from other sounds in the noisy
of an ICU. Moreover, this tech-

ot allow easy detection of small
@ and solely relying on
i ead to an incomplete

P-V curves

s stated before, the behavior of an indi-
vidual alveolus is quantal in nature, either
open or closed. However the P-V curve of a
lung is the accumulation of millions of these
alveoli. Looking at a P-V curve a distinct infla-
tion and deflation curve can be seen. When
the lung collapses the remaining volume will
be almost zero, increasing the pressure will
lead to a rise in volume. When a P-V curve is
obtained during ventilation (most common)
a period of active recruitment of collapsed
alveoli will lead to an increase in volume as
can be observed by an increased slope of
the inflation limb. Finally the slope of the
inflation limb will flatten which can be inter-
preted as maximal recruitment, and subse-
quent deflation will lead to the characteristic
deflation curve. However, as shown in Figure
0, it is possible that not all recruitable lung tis-
sue has been recruited at the used pressure,
and a further increment of the pressure results
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— Inflation
— — Deflation

Volume
~

Lower infection point
«— po

Figure 6—Online intra-arterial registration of PaO,, PaCO,,
and pH at an FiO; of 1 in a lung with severe lung injury.

1e ‘Adice ~ < 1 1 3 o, ] \; . . .
The lung is ‘disconnected for suctioning’, the used pressure Fioure pylssure-y elauons}np of the lung show-

Pressure

of 30/16 (Pip/PEEP) is not enough to prevent alveolar col-

lapse, within 2 min PaO2 drops from 680 mmHg to 5 inshthe inflation (solid ling)’and the deflation limb (dashed

erence in lung volume between
al pressures.

0

to 23/13 is not enough to stabilize the reopened airways.
Another increase of the Pip to 55 cmH,0 is needed to
reopen the collapsing alveoli. A pressure of 24/14 can pressure

lower in

y contains a so-called
point above which lung vol-

reduced stepwise from 1 to 0.7, 0.4 and final
without changing pressures. Oxygenati
mmHg, an increase in FiO, leads to a rap
al oxygenation values. Of note, the pro
recruitment and reduction of FiO, to rpa

lace, which states that the pressure (P)
ssary to keep a spherical structure
pened is two times the surface tension (y)
divided by the radius (r), lung volume is ini-
tially maintained (increased radius) as pres-
sures are lowered but eventually decreases
due to progressive alveolar collapse.
Mathematical models and animal experi-
ments have shown that adequate recruitment
of collapsed alveoli, followed by optimal sta-
bilization with adequate levels of PEEP, will
place ventilation on the more compliant defla-
tion limb of the P-V curve.79 8

Experimental data on open lung

of the lung, they(canfot|be used as an indi- ventilation

cation about the Openngss of the lung.

Figure 7 show pressure volume (P-V) The cornerstones of lung protective venti-
relationship of the lung, representing the lation strategies are prevention of both alve-
cumulative behavior of all alveoli. The infla-  olar overdistension and collapse (atelecta-
tion limb of the P/V curve shows the changes sis). The strategies are also referred to as
in lung volume during incremental airway  “optimal volume strategy” or “open lung ven-

REr
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tilation”.% Animal studies have shown that
reducing alveolar overdistension by limiting
TVs during mechanical ventilation will atten-
uate ventilator-induced lung injury (VILD
assessed by pulmonary edema and inflam-
mation.15 37

In reducing atelectotrauma, two basic prin-
ciples should be considered. First, already
collapsed alveoli need to be recruited by
applying sufficient airways pressures.
Secondly, after recruitment sufficient end-
expiratory pressure should be applied in
order to prevent subsequent collapse during
expiration. Failing to recruit the lung prior
to increasing PEEP will not prevent VILI.80
On the other hand, recruiting the lung but
applying insufficient PEEP in order to pre-
vent subsequent collapse will augment rath¢
than reduce lung injury.8! Application of 2
optimal lung strategy was first widely applied
during high-frequency ventilation (HFV).

eparate experiment
¢ effect on bacterial
on in group B strep-
tococcus pneumonia model.87 Optimizing
ventilation with this strategy also reduced
bacterial colonization of the lung, and
reduced bacterial translocation improving
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survival of animals with respiratory distress.87
A follow-up study showed tha
inflammatory response v s%ke 0

garly ARDS) were randomly
tional or protective
n. Protective ventila-

open lung maneuver were followed, lungs
of the patients were not totally recruited (as
indicated by the PaO2/FiO, ratio) this is in
part due to the uniformly applied recruit-
ment pressure of 35 to 40 cmH,O of con-
tinuous positive airway pressures for 40 s,
which is insufficient for more severe
atelectatic areas to open.

In a recent retrospective analysis of
patients with ARDS due to pulmonary con-
tusion Schreiter et al. showed that mechan-
ical ventilation according to the open lung
maneuver dramatically improved oxygena-
tion and lung aeration.8 This results in low
TVs of 3.5 (3; 3.9) mL/kg bodyweight.%
Schreiter et al. carefully monitored lung
recruitment by both arterial oxygenation
and thoracic helical computed tomography
scans before and after ventilation with the
open lung maneuver.8? The recruitment
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reduced atelectatic areas from 604 mL to
106 mL and increased the normally aerated
volume from 1 742 mL to 2 971 mL.89
Furthermore, arterial oxygenation levels were
stable after the recruitment procedure thus
minimizing the cyclic opening and collapse
which augments cytokine release.10,37,91 The
severity of the injury in the patients studied
by Schreiter et al. is illustrated by the Acute
Physiology and Chronic Health Evaluation II
(APACHE 1D of 23 (range, 11-26) points.
The predicted mortality of the APACHE II
score was 49.7%, and the adjusted APACHE
IT had a predicted mortality of 22.4%. These
rates correspond with the respective mor-
tality rate observed in ARDS patients (42%)
92 and in ARDS due to pulmonary contusion
(20%).93 However, all patients in the study b
Schreiter et al. survived and were alive up'tQ
of 14-60 months after treatment for
ALI/ARDS .8

lung ventilation could be cardiac im aRQ?ent
by high mean a1rway pressures.\Si He

could increase r1ght ventrj ular a
Miranda et al. recently st d@ the
open lung maneuv :

afterload in patients

did not Change
observanon per1od

ling t6 the OLC affects right
ventricular afterload in normovolemic
patients.

These studies demonstrate that applying
open lung ventilation is feasible in patients.

vol. 72, N. 3

HAITSMA

Future direction of the open lung
mane

other steps
mechanical v

plement further opti-
ventilation strategies, with
e.open lung maneuver.

ie‘protettive nei confronti del polmone e dei
rincipi razionali fisiologici. La ventilazione pol-
Are protettiva puo ridurre la mortalitd nei pazienti
on'sindrome da distress respiratorio dell'adulto (acute
rgspiratory distress syndrome, ARDS). In questa sede,
esamineremo i pit recenti sviluppi sulla progressione
del danno polmonare da ventilazione meccanica.
Confronteremo i risultati ottenuti dagli studi clinici
sulla ventilazione meccanica con quelli ottenuti negli
studi sperimentali. Inoltre, discuteremo il possibile
miglioramento futuro della ventilazione meccanica, in
special modo dell’open lung maneuver. Descriveremo
la condotta razionale dell’open lung maneuver e i
vari passi per raggiungere un open lung, cosi come
i dati ricavati da studi eseguiti su animali e sull'uomo.
Infine, presenteremo le linee guida per le strategie e/o
studi futuri.

Parole chiave: Sindrome da distress respiratorio del-
I'adulto - Polmoni - Ventilazione meccanica - PEEP -
Citochine - Volumi respiratori - Insufficienza multi
organo.
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