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Within the last few decades, it has become evident from
laboratory and clinical research that in patients with
acute lung injury (ALI), mechanical ventilation (MV)
contributes to the progression of the disease. To de-
scribe the nonspecific radiographic, physiologic, and
pathologic manifestations of ALI and its complications,
the term “respirator lung” was used for some years dur-
ing the 1970s and 1980s until Nash et al. drew their his-
torical conclusion that “respirator lung” was a misno-
mer [1]. They attributed the observed lung lesions main-
ly to oxygen toxicity rather than to MV. Recent studies,
however, confirmed that MV with too low or too high
positive end-expiratory pressure (PEEP) levels, high
airway pressures, and large tidal volumes (V) can fur-
ther damage the injured lung. In the aftermath of these
insights, a new term was made out of the old: “ventila-
tor-induced lung injury” (VILI) [2]. VILI - for years
used synonymously with barotrauma of the lung —is cur-
rently viewed as a systemic disease which closely resem-
bles the symptoms and the macro- and microscopical
features of experimental ALI and is not markedly dif-
ferent from the diffuse alveolar damage present in hu-
man acute respiratory distress syndrome (ARDS). It
may be associated with pulmonary and systemic infec-
tions, multisystem organ dysfunction, volutrauma,
barotrauma, and increased mortality. High shear forces
taking effect on healthy or diseased lungs ventilated
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with inappropriate respirator settings can increase capil-
lary permeability, promote gas leaks and edema, and
initiate inflammation [3, 4]. The latest reports suggest
that MV can induce activation and influx of neutrophil
granulocytes and liberation of cytokines leading to local
and systemic inflammatory reactions [5]. These findings
were paralleled by implementation of the “protective-
ventilation strategy” into the critical care of patients
with severe acute respiratory failure [6]. This therapeu-
tic concept intends to shield the diseased, ventilated
lung by applying only small V..

The present state of knowledge on lung protective
MYV has been reached due to numerous experimental
and clinical studies which paved the way for the subse-
quent randomized controlled trials (RCTs) described
here. First, Macklin and Macklin should be recognized
for their fundamental experimental studies on the de-
velopment of tension pneumothorax [7], and then
Webb and Tierney [4] are to be honored for their out-
standing study in animals which clearly showed that
MYV can generate/produce pulmonary edema. Dreyfuss
and Saumon, in 1992, published an editorial in this jour-
nal, the important message of which was that mainly a
large V. and not a high airway pressure is responsible
for ventilator-induced lung injury. They suggested a
change in terminology: volutrauma should be used in-
stead of barotrauma [8]. The fruitful cooperation be-
tween T. Kolobow and L. Gattinoni led to the develop-
ment of the “baby lung model” [9] and the strategy of
resting the injured lung by means of low-frequency MV
and extracorporeal CO, removal. The impressively
high survival rate of 49% in their ARDS patients re-
ported in 1986 [10] was later corroborated by others
[11, 12]. Hickling and coworkers introduced accepting
elevated arterial carbon dioxide tension (PaCO,)-levels
into intensive care practice for ARDS patients to ac-
complish lung-protective MV [13, 14], and last, but not
least, Amato and colleagues, for the first time, showed
that a lung protective approach with moderate to high
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PEEP levels can indeed reduce mortality in ARDS [6].
The reader will excuse the incompleteness of this list.
There were many more researchers who contributed to
the knowledge that MV with a large V, and high posi-
tive inspiratory pessure (PIP) worsens ALI and that a
lung-protective strategy may minimize the risk of fur-
ther lung damage.

The impact on mortality rates has been tested, first in
uncontrolled clinical studies [11, 13, 14], later on in
small [6] or large scale RCT [15-19]. In two uncon-
trolled, non-randomized, single-center studies, Hickling
and coworkers noticed a significant reduction in
APACHE II-predicted hospital mortality rates from
39.6 to 16% in their retrospective analysis [13] and
from 53.3 to 26.4 % in their prospective trial [14]. They
deliberately restricted peak airway pressures (PIP) to
30-40 cmH,0O, which resulted in mean maximum
PaCO,-levels of 62 mmHg and V., of approximately
7 ml/kg body weight (BW). Lewandowski et al. applied
an algorithm controlled, lung protective treatment con-
cept to 122 ARDS patients. Therapeutic measures in-
corporated in the algorithm were pressure controlled
mechanical ventilation with PEEP and permissive hy-
percapnia, positional maneuvers, differential lung venti-
lation, dehydration for reduction of pulmonary edema,
inhalation of nitric oxide and extracorporeal membrane
oxygenation. The mean PIP limit was set to 35 cmH,O
which resulted in mean V, of 10 ml/kg BW. The 75 % in-
tensive care unit (ICU)-survival rate markedly exceed-
ed those from historical controls [11]. Favorable results
from a lung protective approach were also reported by
Amato et al. in a two-center RCT, testing V, of 6 versus
12ml/kg BW in 53 ARDS patients applying PIP
of <40 cmH,0O, which resulted in PaCO,-levels of
50-55 mmHg in the protective-ventilation group [6].
28-day mortality rate in the latter group was 38 %, while
it was 71% in the conventional-ventilation group
(p < 0.001). The difference in mortality at hospital dis-
charge, however, was not significant. Two large scale
RCT did not find significant differences regarding mor-
tality rates when V. of 7.2 versus 10.8 [15] and 7.1 versus
10.3 ml/kg BW [17] were evaluated: The hospital mor-
tality rates were 50 versus 47 % (p = 0.72) in Stewart’s
et al. study [15], and the 60-day mortality rates in the
Brochard et al. study [17] were 46.6 versus 37.9%
(p =0.38). Analyzing 725 patients with sepsis-induced
ARDS, Weg and colleagues could not detect significant
differences in 30-day mortality rates among patients
with no air leaks, those with any air leak, and those
with specifically pneumothorax, V, were 11.4, 11.7, and
11.7 ml/kg BW in the respective groups [16]. Finally,
very recently, the National Heart, Blood and Lung Insti-
tute of the USA stopped the “The ARDS Network
Study of Ventilator Management in ARDS” on recom-
mendation of the study’s Data Safety and Monitoring
Board because an interim analysis on data on the first

847 patients had shown approximately 25 percent fewer
deaths among patients receiving V, of 6, rather than
12 ml/kg BW [18, 19].

How shall the humble intensivist handle these seem-
ingly contradictory data? Is it a “good move” to limit
V. in diseased lungs and if so, to what extent, or does
the almost regularly accompanying hypercapnia harm
the patient. A closer look at some of the above men-
tioned studies may help to unveil the right answer.

The studies under discussion have been criticized for
their retrospective or uncontrolled nature, for the heter-
ogeneous definitions used, for their lack of exactly re-
porting various pressures, volumes or PaCO,-levels at
different time points, or for their varying outcome end
points (28-day-, 30-day-, 60-day-, hospital mortality).
Furthermore, different modes of MV and titration of
PEEP levels were used. Obviously, comparisons be-
tween studies are hampered by these differences. One
could also argue that the adverse effects of elevated
PaCO,-levels resulting from V. reduction antagonize
the benefits from avoiding alveolar overstretching.
However, in Hickling’s et al. retrospective and prospec-
tive studies [13, 14], there was no significant difference
between survivors and nonsurvivors regarding their
PaCO,-levels. In all other studies the resulting mean
PaCO,-levels were in the moderate range of
50-60 mmHg. It is of far more importance to notice
that in those studies where the difference between the
tested V, was rather small, i.e., “reasonable” volumes
were applied in the protective ventilation as well as in
the control group, no significant differences in mortality
rates became apparent [15-17]. Interestingly, in the lim-
ited ventilation and control groups of both, Stewart’s
et al. study [15] and Brochard’s et al. study [17], peak in-
spiratory and plateau pressures were below 35 cmH,0O.
Most likely, the transpulmonary pressure limit of
35 emH,0, viewed as safe on the basis of animal studies
and recommended by the “Consensus Conference on
Mechanical ventilation” [20], had not been violated in
both these studies. On the contrary, studies investigating
largely different V, documented significantly reduced
mortality rates [6, 13, 14, 18, 19]. To put it in a nutshell,
a given study will likely detect significant differences in
mortality rates if the V, used in the control group is of
sufficient magnitude to induce damage to the ventilated
lungs. In the cited studies, the V., was related to “kg ac-
tual body weight” [6, 11, 13, 14, 16], “kg actual body
weight minus the estimated weight gain due to water
and salt retention” [17], or “kg ideal body weight” [15,
19]. Unfortunately, Brochard et al. [17] and Stewart
et al. [15] have not yet reported their exact formulas
for calculation of body weight and therefore comparison
between studies is hampered. This problem raises the is-
sue of what is the appropriate body weight, -mass, or
volume to relate the V, to, or whether it should be relat-
ed to measures of body mass at all. The V., of a sponta-
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neously breathing adult at rest is approximately 500 ml
[21]. Assuming a weight of 70 kg, the V, would be 7 ml/
kg BW. As suggested by work from comparative mam-
mal physiology, body volume instead of body weight
may be a more appropriate parameter for estimation of
the “real” lung volume [22]. This information, however,
is useless when it comes to ventilating injured lungs. In
injured lungs, the amount of aerated lung volume is of
concern for selection of safe V.. In 1972, Falke et al.
[23] performed first measurements of functional residu-
al capacity (FRC) in ARDS patients. Mean FRC, a
marker for aerated lung volume, was as low as 1.48 L.
This is in line with Gattinoni’s et al. baby lung concept
which postulates that the acute respiratory failure
(ARF)- or ARDS lung is rather small than stiff [9]. To
get an impression of how small the lung volume is which
is available for gas exchange, gas dilution, plethysmo-
graphic and radiographic techniques are at our hand.
Unfortunately, most of them are technically demanding
and impractical to perform at the bedside. A more feasi-
ble approach to search for the optimal V., is the record-
ing of pressure volume curves (P-V curve) which has be-
come current practice in specialized centers [6, 11, 23,
24]. Analysis of the P-V curve reveals the lower and up-
per inflection point indicating alveolar collapse and
overdistension of lung units. A PEEP level above the
lower inflection point, and a V. between the lower and
upper inflection point is viewed as safe for patients
with lung injury. Minute ventilation can then be manipu-
lated by altering the size of the V, within the safety lim-
its of the lower and upper inflection point, by in- or de-
creasing the respiratory rate and the inspiratory time,
and by varying the flow characteristics. With this ap-
proach the physician does not need to know the pa-
tient’s actual weight, the height, or the lean body mass
to set the respirator in a lung-protective fashion. Just
setting pressures or V, according to experts’ advice or
to fixed formulas may result in overdistension of the
lung in as much as 80% of ARDS patients [24]. It

should, however, be mentioned that setting the respira-
tor according to P-V curves is currently a matter of con-
troversy [25]. Only one of the discussed studies set V,
and PIP according to analysis of individual P-V curves
[11]. We do therefore have no information on presence
or absence of lung overdistension either in the limited
ventilation or control groups. As has been shown in our
study [11], analysis of P-V curves in ARDS patients re-
vealed “safe” mean V, of 10 ml/kg BW. Currently, the
differences in survival rates in the studies discussed can-
not be fully explained by the reduction of V,, however, a
certain impact can be assumed.

Lung protective MV alone, however, is and never will
be a panacea that guarantees improved survival rates in
acute respiratory failure. As has repeatedly been shown,
survival from acute respiratory failure depends on nu-
merous factors the most important of which probably
are multiple organ dysfunction, HIV infection, active
malignancy, organ transplantation, age, and presence of
a septic state [26, 27]. There exist patient populations
such as those with acute myelogenous leukemia and re-
spiratory failure in whom survival virtually is zero [28].
These patients are very unlikely to benefit much from
lung protective MV in terms of survival. Their survival
rate much more depends on the clinicians’ ability to im-
pact on the underlying disease process. Modern medi-
cine demands that the benefit of a therapeutic option is
reflected in decreased mortality rates. ICU patient pop-
ulations with life-threatening organ failures, e.g. those
with ARDS, however, largely benefit from improve-
ment of important physiological parameters (e.g. indi-
ces of oxygenation) and avoidance of additional iatro-
genic damage. Not all of the discussed studies have re-
vealed significantly higher survival rates when a lung
protective strategy was applied, but some documented
significant improvements of several important physio-
logical or clinical parameters. For my part, I put a stick-
er on my favorite respirator: Small tidal volumes — large
benefit!

References
1.Nash G, Bowen JA, Langlinais PC

4. Webb HH, Tierney DF (1974) Experi-

6. Amato MBP, Barbas CSV, Medeiros

(1971) Respirator lung: a misnomer.
Arch Pathol 21: 234-240

. Dreyfuss D, Saumon G (1998) Ventila-
tor-induced lung injury:lessons from ex-
perimental studies. Am J Respir Crit
Care Med 157: 294-323

. Dreyfuss D, Soler P, Basset G, Saumon
G (1988) High inflation pressure pul-
monary edema. Respective effects of
high airway pressure, high tidal volume,
and positive end-expiratory pressure.
Am J Respir Crit Care Med 137:
1159-1164

mental pulmonary edema due to inter-
mittent positive pressure ventilation
with high inflation pressures. Protection
by positive end-expiratory pressure.
Am Rev Respir Dis 110: 556-565

. Tremblay L, Valenza F, Ribeiro SP, LiJ,

Slutsky AS (1997) Injurious ventilatory
strategies increase cytokines and c-fos
m-RNA expression in an isolated rat
lung model. J Clin Invest 99: 944-952

DM, Magaldi RB, De Paula Pinto
Schettino G, Lorenzi-Filho G, Kairalla
RA, Deheinzelin D, Munoz C, Oliveira
R, Takagaki TY, Carvalho CRR (1998)
Effect of a protective-ventilation strate-
gy on mortality in the acute respiratory
distress syndrome. N Engl J Med 338:
347-354



774

7.

10.

11.

12.

13.

. Dreyfuss D,

Macklin MT, Macklin CC (1944) Malig-
nant interstitial emphysema of the lungs
and mediastinum as an important occult
complication in many respiratory dis-
eases and other conditions:an interpre-
tation of the clinical literature in the
light of laboratory experiment. Medi-
cine 23: 281-352

Saumon G (1992)
Barotrauma is volutrauma, but which
volume is the one responsible? Inten-
sive Care Med 18: 139-141

. Gattinoni L, Pesenti A, Bombino M,

Baglioni S, Rivolta M, Rossi F, Rossi
G, Fumagalli R, Marcolin R, Masche-
roni D, Torresin A (1988) Relationships
between lung computed tomographic
density, gas exchange, and PEEP in
acute respiratory failure. Anesthesiolo-
gy 69: 824-832

Gattinoni L, Pesenti A, Mascheroni D,
Marcolin R, Fumagalli R, Rossi F, Ia-
pichino G, Romagnoli G, Uziel L, Ago-
stoni A, Kolobow T, Damia G (1986)
Low-frequency positive-pressure venti-
lation with extracorporeal CO2 remov-
al in severe acute respiratory failure.
JAMA 256: 881-886

Lewandowski K, Rossaint R, Pappert
D, Gerlach H, Slama K-J, Weidemann
H, Frey DJM, Hoffmann O, Keske U,
Falke KJ (1997) High survival rate in
122 ARDS patients managed according
to a clinical algorithm including extra-
corporeal membrane oxygenation. In-
tensive Care Med 23: 819-835

Brunet F, Belghith M, Mira JP, Lanore
JJ, Vaxelaire JF, Dall’ava-Santucci J,
Dhainaut JF (1993) Extracorporeal car-
bon dioxide removal and low-frequency
positive-pressure ventilation. Improve-
ment in arterial oxygenation with re-
duction of risk of pulmonary barotrau-
ma in patients with adult respiratory
distress syndrome. Chest 104: 889-98
Hickling KG, Henderson SJ, Jackson R
(1990) Low mortality associated with
low volume pressure limited ventilation
with permissive hypercapnia in severe
adult respiratory distress syndrome. In-
tensive Care Med 16: 372-377

14.

15.

16.

17.

18.

19.

Hickling KG, Walsh J, Henderson S,
Jackson R (1994) Low mortality rate in
adult respiratory distress syndrome us-
ing low-volume, pressure-limited venti-
lation with permissive hypercapnia: a
prospective study. Crit Care Med 22:
1568-1578

Stewart TE, Meade MO, Cook DJ,
Granton JT, Hodder RV, Lapinsky SE,
Mazer CD, McLean RF, Rogovein TS,
Schouten BD, Todd TRIJ, Slutsky AS,
and the Pressure- and Volume-limited
Ventilation Strategy Group (1998)
Evaluation of a ventilation strategy to
prevent barotrauma in patients at high
risk for acute respiratory distress syn-
drome. N Engl J Med 338: 355-361
Weg JG, Anzueto A, Balk R, Wiede-
mann HP, Pattishall EN, Schork MA,
Wagner LA (1998)The relation of
pneumothorax and other air leaks to
mortality in the acute respiratory dis-
tress syndrome. N Engl J Med 338:
341-346

Brochard L, Roudot-Thoraval F, Rou-
pie E, Delclaux C, Chastre J, Fernan-
dez-Mondéjar E, Clémenti E, Mancebo
J, Factor P, Matamis D, Ranieri M,
Blanch L, Rodi G, Mentec H, Dreyfuss
D, Ferrer M, Brun-Buisson C, Tobin
M, Lemaire F, and The Multicenter Tri-
al Group on Tidal Volume Reduction in
ARDS (1998) Tidal volume reduction
for prevention of ventilator-induced
lung injury in acute respiratory distress
syndrome. Am J Respir Crit Care Med
158: 1831-1838

National Heart Lung and Blood In-
stitutes, USA. The ARDS Network
Study of Ventilator Management in
ARDS. Internet: http://www.nhlbi.nih.
gov/nhlbi/news/hlbil5-9.htm

Brower R (1999) Six vs. twelve ml/kg
tidal volume trial. American Thoracic
Society and American Lung Associa-
tion 1999 International Conference,
April 23-28, San Diego, CA, USA,
Session: L8 NIH NHLBI ARDS-
NETWORK: Report of ongoing and
proposed clinical trials (oral presenta-
tion)

20.

21.

22.

23.

24.

25.

26.

217.

28.

Slutsky AS (1994) Consensus Confer-
ence on mechanical ventilation. Inten-
sive Care Med 20: 64-79, 150-162

Hug CC (1986) Monitoring. In: Miller
RD (ed) Anesthesia Vol I, 2nd ed.
Churchill Livingstone, New York, Edin-
burgh, London, Melbourne, pp 411-463
Gehr P, Mwangi DK, Ammann A, Ma-
loiy GMO, Taylor CR, Weibel E (1981)
Design of the mammalian respiratory
system. 5. Scaling morphometric pul-
monary diffusing capacity to body
mass: Wild and domestic mammals. Re-
spir Physiol 44: 61-86.

Falke KJ, Pontoppidan H, Kumar A,
Leith DE, Geffin B, Laver MB (1972)
Ventilation with end-expiratory pres-
sure in acute lung disease. J Clin Invest
57:2315-2323

Roupie E, Dambrosio M, Servillo G,
Mentec H, El Atrous S, Beydon L,
Brun-Buisson C, Lemaire F, Brochard
L (1995) Titration of tidal volume and
induced hypercapnia in acute respirato-
ry distress syndrome. Am J Respir Crit
Care Med 152: 121-128

Hickling KG (1998) The pressure-vol-
ume curve is greatly modified by re-
cruitment. A mathematical model of
ARDS lungs. Am J Respir Crit Care
Med 158: 194-202

Zilberberg MD, Epstein SK (1998)
Acute lung injury in the medical ICU.
Comorbid conditions, age, etiology and
hospital outcome. Am J Respir Crit
Care Med 157: 1159-1164

Ferring M, Vincent JL (1997) Is out-
come from ARDS related to severity
of respiratory failure? Eur Respir J 10:
1297-1300

Tremblay LN, Hyland RH, Schouten
BD, Hanly PJ (1995) Survival of acute
myelogenous leukemia patients requir-
ing intubation / ventilatory support.
Clin Invest Med 18: 19-24



