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Abstract

Purpose: Open lung strategy during ARDS aims to decrease the ventilator-induced lung injury by minimizing the
atelectrauma and stress/strain maldistribution. We aim to assess how much of the lung is opened and kept open
within the limits of mechanical ventilation considered safe (i.e., plateau pressure 30 cmH,O, PEEP 15 cmH,0).

Methods: Prospective study from two university hospitals. Thirty-three ARDS patients (5 mild, 10 moderate, 9 severe
without extracorporeal support, ECMO, and 9 severe with it) underwent two low-dose end-expiratory CT scans at
PEEP 5 and 15 cmH,0 and four end-inspiratory CT scans (from 19 to 40 cmH,0). Recruitment was defined as the frac-
tion of lung tissue which regained inflation. The atelectrauma was estimated as the difference between the intratidal
tissue collapse at 5 and 15 cmH,O PEEP. Lung ventilation inhomogeneities were estimated as the ratio of inflation
between neighboring lung units.

Results: The lung tissue which is opened between 30 and 45 cmH,0 (i.e,, always closed at plateau 30 cmH,0)

was 10 £ 29,54 £ 86, 162 £ 92, and 185 + 134 g in mild, moderate, and severe ARDS without and with ECMO,
respectively (p < 0.05 mild versus severe without or with ECMO). The intratidal collapses were similar at PEEP 5 and
15cmH,0 (63 £ 26 vs 39 £ 32 gin mild ARDS, p = 0.23; 92 £ 53 vs 78 & 142 g in moderate ARDS, p = 0.76; 110 &£ 91
vs 89 &+ 93, p = 0.57 in severe ARDS without ECMO; 135 & 100 vs 104 & 80, p = 0.32 in severe ARDS with ECMO).
Increasing the applied airway pressure up to 45 cmH,0 decreased the lung inhomogeneity slightly (but significantly)
in mild and moderate ARDS, but not in severe ARDS.

Conclusions: Data show that the prerequisites of the open lung strategy are not satisfied using PEEP up to
15 cmH,0 and plateau pressure up to 30 cmH,0. For an effective open lung strategy, higher pressures are required.
Therefore, risks of atelectrauma must be weighted versus risks of volutrauma.

Trial registration: Clinicaltrials.gov identifier: NCT01670747 (www.clinicaltrials.gov).
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Introduction

The lung protective strategy, in its original definition
[1, 2], consisted of a combination of low tidal volume
(TV) and high positive end-expiratory pressure (PEEP).
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This strategy found its conceptual background in three
major sources. First, was a lung model by Mead [3],
which described the theoretical distribution of stress
and strain in an inhomogeneous lung. In these condi-
tions, the interfaces of regions with different elasticity
act as stress raisers leading to up to a fourfold multiplica-
tion of local pressures (a theoretical increase from 30 to
120 cmH,O in a fully distended lung). The second con-
ceptual source for the lung protective approach was the
landmark editorial by Lachmann [4], “Open up the lung
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and keep the lung open’, which, years later, popularized
Mead’s theory. Accordingly, the use of high PEEP would
decrease lung inhomogeneity and prevent intratidal col-
lapse and reinflation, a putative relevant mechanism for
the occurrence of ventilator-induced lung injury (VILI)
[5]. Finally, the biological plausibility for the open lung
theory derives from experiments on isolated rat lungs,
where higher PEEP decreased the production of inflam-
matory cytokines by keeping the lung open and prevent-
ing atelectrauma [6], later confirmed in patients with
acute respiratory distress syndrome (ARDS) [7].

This paradigm went on substantially unchallenged
over the years. Actually, the component of lung protec-
tion related to the low tidal volume has found consistent
experimental [8, 9] and clinical support [10] in a struc-
tured, theoretical framework [11]. Consequently, the set
tidal volume decreased worldwide from the 12—-15 ml/kg
in the 1970s [12] to the present average of 7.6 ml/kg, as
recently documented in an international survey [13]. In
contrast, the “open lung” component of the original pro-
tective lung strategy has not provided a convincing evi-
dence of benefit. In fact, the first component of the open
lung strategy (i.e., the recruitment maneuvers), essential
for lung opening, neither reduced VILI nor improved
outcome [14, 15], appearing in some studies more del-
eterious than useful [16]. The second component of the
open lung strategy (i.e., higher PEEP) designed for keep-
ing the lung open, failed, in large trials, to show any ben-
efit compared to lower PEEP [17-19]. Moreover, the
“asymptote” of the lung protective/open lung strategy in
ARDS, which consists of ultra-low tidal volume associ-
ated with a PEEP level so high as to reach the near total
lung capacity (i.e., the high-frequency oscillation ventila-
tion, HFOV) not only did not provide benefits [20] but
was even harmful [21].

Therefore, either the atelectrauma is less important
than currently believed or the pressures currently used in
the “higher PEEP” protocols are insufficient to prevent its
occurrence. In this paper, in a series of 33 patients with
ARDS of increasing severity, we aimed to assess whether
the mechanical ventilation at 30 cmH,O of plateau pres-
sure and 15 cmH,O of PEEP—as commonly applied in
the “higher PEEP” protocols—actually “opens the lung
and keeps it open”.

Materials and methods

Thirty-three consecutive patients studied after a median
of 3 (range 1-5) days of ARDS were classified as mild
(n = 5), moderate (n = 10), and severe (1 = 9 without
ECMO and n = 9 with it) according to their PaO,/FiO,
ratio measured at 5 cmH,O of PEEP [22]. Patients were
studied between 2013 and 2015 in two university hospi-
tals (Fondazione IRCCS Ca’ Granda—Ospedale Maggiore

Policlinico, Milan, Italy and Department of Intensive
Care Medicine, Rebro Hospital, University of Zagreb,
Croatia). The study was approved by the institutional
review board of each hospital, and written consent was
obtained according to the national regulations (Clinical-
trials.gov identifier: NCT01670747). Nine patients, all
in Policlinico Hospital, where studied while undergoing
veno-venous ECMO. Details about sedation, measure-
ments, and protocol are available in the electronic sup-
plementary material (ESM).

Pressure and volume measurements

All the airway pressures, the esophageal pressure,
tidal volumes, and flows were continuously sampled at
100 Hz and processed on a dedicated data acquisition
system (Colligo and Computo, www.elekton.it, Milan,
Italy). Data presented are the ones measured with the
calibrated acquisition system and not the ones set on
the ventilator (set and measured values could differ by
up to approximately 10%). For clarity, the results in the
main manuscript are expressed as a function of the air-
way pressure. A complete set of results expressed as a
function of the transpulmonary pressure is available in
the ESM.

Inspiratory recruitment

Each patient underwent a CT scan in static conditions
at 5 cmH,O PEEP (end-expiration) and three further CT
scans after applying inspiratory airway plateau pressures
of 19 & 2, 28 £ 0, and 40 £ 2 cmH,0 (see ESM for the
rationale of the set pressures). At each airway plateau
pressure the inspiratory recruitment was computed as
the difference between uninflated tissue at PEEP and pla-
teau pressure.

Intratidal opening/closing tissue

To quantify the intratidal opening and closing tissue
(recruitment—derecruitment), each patient was venti-
lated with the same tidal volume (6—8 ml/kg IBW) at 5
and 15 cmH,0 PEEP. Whole-lung CT scans were per-
formed in static conditions both at end-expiration (5 and
15 cmH,0) and at corresponding plateau pressures at
end-inspiration (19 & 2 and 27 £ 3 cmH, 0, respectively).
The recruited/derecruited tissue was computed as the
difference between end-expiratory and end-inspiratory
uninflated tissue at 5 and 15 cmH,O PEEP.

CT scan analysis

The outline of the lungs was manually drawn in each CT
section excluding the hilar vessels and the main bronchi.
Segmented images were analyzed with custom dedicated
software (Soft-E-Film, www.elekton.it, Milan, Italy). Lung
tissue was classified according to its gas/tissue content as
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uninflated (Hounsfield units between +100 and —100),
poorly aerated (Hounsfield units number between —101
and —500), normally inflated (Hounsfield units number
between —501 and —900), and hyperinflated (Houns-
field units number between —901 and —1000) [23]. We
defined the recruitability as the difference between unin-
flated tissue at 5 and 45 ¢cmH,O, which we arbitrarily
assumed to be the “full recruitment”.

Lung inhomogeneities

The lung inhomogeneity was measured by comparing
the inflation of neighboring lung regions: if two neigh-
boring regions were perfectly “homogeneous” at a given
pressure applied, their inflation should be similar and
the inflation ratio of the two regions will be equal to one
[24]. We defined the lung inhomogeneity threshold as
the percentage of lung volume presenting an inflation
ratio greater than 1.61 (95th percentile of a control pop-
ulation) [25].

Table 1 Patients’ characteristics

Age (years) 59 £ 24
Female, n (%) 2 (40%)
Body mass index (kg/m?) 27£9
Tidal volume/ideal body weight (ml/kg [BW)? 7.8 (1)
Minute ventilation (I/min)? 841
Respiratory rate (breaths/min)? 1542
PEEP (cmH,0)? 1142
Respiratory system elastance (cmHZO/I)b 28(9)
Pa0,/Fi0s 242 £ 30
PaCO, (mmHg)® 4447
Total lung tissue (g) 1237 £ 135
Total gas (ml) 912 4+ 640
Uninflated tissue (%) 46+ 4
Consolidated tissue (%) 35+4
Recruitable tissue (%) 10+£1
Poorly inflated tissue (%) 3247
Well-inflated tissue (%) 22+9
Overinflated tissue (%) 041

ICU mortality n (%) 2 (40%)

Statistical methods

Data are presented, where not differently specified, as
means + standard deviations. Lung recruitment and lung
inhomogeneity as a function of study step and severity of
disease (according to the Berlin classification) were ana-
lyzed with a mixed effect model, and multiple compari-
sons were performed with the Benjamini, Hochberg, and
Yekutieli method [26]. Intratidal collapse and reinflation
between PEEP 5 cmH,O and 15 cmH,O were compared
with paired ¢ test. Statistical analysis was performed with
R software [27].

Results

Table 1 summarizes the most relevant physiological and
clinical characteristics of the patient population. Accord-
ing to a modified Berlin definition (i.e., assessing the
PaO,/FiO, ratio at PEEP 5 ¢cmH,O instead of at clini-
cal PEEP) [22], 5 patients presented with mild, 10 with
moderate, and 18 with severe ARDS (9 without ECMO

Pneumonia 0 (0%)
Sepsis 3 (60%)
Trauma 1 (20%)
Aspiration 0 (0%)
Other 1 (20%)

49412 59417 57412 045
4 (40%) 2 (22%) 2 (22%) 0.77
2646 2849 26+£3 091
78(1.2) 84 (1.5) 48 (1.4 <0.0001
942 10+2 44 1% <0.0001
18+4 18+ 4 11 £ 21 <0.001
10+4 1243 14 + 4t 0.04
31(5) 29(12) 25(17) 0.17
147 £ 27* 81 4 18%+ 87 + 14+ <0.0001
46 +6 45410 42+6 067
1485 4 297 1761 + 413 2258 + 905*t <001
940 + 548 822 + 229 586 + 492 042
40+ 16 58 4+ 9f 70 4 1% <0.0001
24415 36410 40 + 20 0.11
1649 241 28 £ 15* 003
39412 26+ 7" 22491 <001
20411 16+6 84 5+ <001
0£0 0£0 0£0 0.25

5 (50%) 8 (89%) 2 (22%) 0.04

0 (0%) 6 (67%) 9 (100%) <0.0001
7 (70%) 2 (22%) 0 (0%) <001
1(10%) 0 (0%) 0 (0%) 037

0 (0%) 1(11%) 0 (0%) 043

2 (20%) 0 (0%) 0 (0%) 027

*p <0.05 vs mild, T p < 0.05 vs moderate, ¥ p < 0.05 vs severe no ECMO
@ Data refer to prestudy settings
b Data collected at PEEP 5 cmH,0
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and 9 with it). As shown, the majority of the patients
had severe ARDS, as one of the two enrolling centers is a
referral center for extracorporeal membrane oxygenation
(ECMO). The main cause of ARDS in this population
was pneumonia (15 patients, all presenting with severe
ARDS), followed by extrapulmonary sepsis (12 patients,
distributed through the different degrees of severity).

Inspiratory lung recruitment and opening pressure

Figure 1 shows a representative example of subsequent
CT scans during inspiration in a patient with severe
ARDS. As shown, recruitment and inhomogeneities
occur along the whole pressure—volume curve. Fig-
ure 2 reports the average recruitment—pressure curves
obtained in patients with mild, moderate, and severe
ARDS (with and without ECMO). From this figure it
is evident that (a) the total amount of recruitable tis-
sue increases with ARDS severity and is largely differ-
ent between mild, moderate, and severe ARDS at each
applied inspiratory pressure; (b) the amount of recruita-
ble tissue between 30 and 45 cmH,O (set on the ventila-
tor) was negligible in mild ARDS (10 £+ 29 g, 8 + 21%),
modest in moderate ARDS (54 + 86 g, 17 £+ 27%), and
much greater in severe ARDS, both without ECMO
(162 £ 92 g, 43 £+ 21%, p = 0.02 vs mild ARDS and
p < 0.0001 vs moderate ARDS) and with ECMO
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Fig. 1 A representative CT scan—pressure curve in a patient with
severe ARDS. The shown CT scans are taken at hilum at 5 cmH,O
PEEP and at measured plateau pressures of 19.5, 30, and 45 cmH,0O
plateau pressure set on the ventilator. The measured pressures may
slightly differ from the set ones. Uninflated tissue is represented
in light blue, inhomogeneous lung tissue in red. In this patient the
uninflated tissue of the whole lung amounted to 1091 g at 5 cmH,0
and 812, 747,and 477 g at the indicated plateau pressures. Lung
inhomogeneities were 20% at PEEP 5 cmH,O and 20, 22, and 21% at
the three plateau pressures. As shown, increasing the pressures, some
inhomogeneities disappeared while new inhomogeneities appeared,
resulting in a net unmodified total extent of approximately 20% in
the whole lung

(185 £+ 134 g, 31 £ 12%, p < 0.0001 vs mild ARDS and
p <0.0001 vs moderate ARDS).

Collapse and reinflation
Table 2 reports the amount of uninflated tissue measured
at 5 and 15 cmH,O PEEP in mild, moderate, and severe
ARDS (with and without ECMO). As shown, the lung
tissue recruited between 5 and 15 cmH,O (i.e,, the dif-
ference between uninflated tissue at the two PEEP levels)
is modest and not significant in mild ARDS (56 + 50 g),
increases significantly in moderate ARDS (116 £ 71 g),
and amounted to 236 + 202 g in severe ARDS without
ECMO and to 231 + 177 g in severe ARDS with ECMO.
The lower panel of Table 2 reports the amount of tis-
sue which tidally opened and collapsed approximately
15 times per minute at PEEP 5 and 15 cmH,O in mild,
moderate, and severe ARDS ventilated with similar tidal
volumes (6—8 ml/kg IBW). As shown, the amount of
collapsing and decollapsing tissue increased from mild
to moderate, to severe ARDS and, within the different
severity classes, was not significantly different between
PEEP 5 and 15 cmH,O. The changes in gas exchange and
in respiratory mechanics when increasing PEEP from 5
to 15 cmH,O (according to the PEEP test performed in
the ICU before the CT scan) are reported in the ESM.

Lung inhomogeneities

Table 3 reports the extent of lung inhomogeneities esti-
mated in mild, moderate, and severe ARDS at the dif-
ferent end-inspiratory and end-expiratory pressures.
As shown, (a) the extent of inhomogeneities increased
(but not significantly) from mild to moderate and severe
ARDS, at each tested pressure; (b) within the same class
of severity, the decrease of lung inhomogeneity, increas-
ing the plateau pressure, reached statistical significance
in patients with moderate ARDS and in patients with
severe ARDS with ECMO; (c) within the same class of
severity, increasing PEEP from 5 to 15 cmH,0 reduced
significantly the lung inhomogeneities in mild and mod-
erate ARDS, while it did not change in the severe ARDS
groups. The variability and the extent of the inhomogene-
ity variation with PEEP are evident in Fig. 3, where the
changes of inhomogeneity in the single patients are rep-
resented. As shown, in some patients with moderate or
severe ARDS, the increase of PEEP was associated with
an increase in lung inhomogeneity.

Additional results

Inspiratory lung recruitment and opening/closing pres-
sures as a function of transpulmonary pressure, as well
as the relationships between airway and transpulmonary
pressure, are reported in the ESM. A complete set of the
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Fig. 2 Lung recruitment as a function of airway pressures in mild, moderate, and severe ARDS. Figure presents the grams of lung tissue which
regain inflation (means and standard errors) as a function of the applied airway pressures. Diamonds represent mild ARDS, upward triangles moder-
ate ARDS, and downward triangles severe ARDS (light red without ECMO, dark red with it). Lung recruitment was fitted with sigmoidal equations

— xp))]. Fitted coefficients were L = 638, k = 0.20, and x, = 24 for severe ARDS
with ECMO; L = 406, k = 0.17,and x, = 26 for severe ARDS without ECMO; L = 255, k = 0.23,and x, = 22 for moderate ARDS; and L = 128,
k=029, and x, = 18 for mild ARDS). The indicated pressures on the X axis are the measured pressures, slightly different from the ones set on the
ventilator. The inspiratory and expiratory points measured at 15 cmH,O PEEP are excluded for sake of clarity: the expiratory points because the
relationship describes the inspiratory recruitment and the inspiratory points because they are very close to the 28 cmH,O points. The reader can

CT scan data obtained in each of the experimental condi-
tions is also reported in the ESM.

Discussion

In patients with early ARDS we found that (a) at
30 cmH,0O, a generally accepted threshold of safety
for mechanical ventilation, 10-30% of the potentially
recruitable lung tissue remains always closed in patients
with moderate and severe ARDS; (b) ventilating a patient
with a tidal volume of 6—8 ml/kg and 15 cmH,O of PEEP
is largely insufficient to prevent cyclic lung tissue open-
ing and closing; (c) increasing PEEP decreased inhomo-
geneity by 3-4% of the total lung volume in mild and
moderate ARDS, while in the severe ARDS groups it was
unmodified.

These data must be discussed in the face of the puta-
tive benefits of the open lung strategy, for which (a) a full
opening of the lung is necessary to minimize the inter-
faces between open and closed lung regions; (b) higher
PEEP is necessary to maintain the recruited status; (c)
the combined effect of opening and keeping open will

increase the lung homogeneity, decreasing the likeli-
hood of VILL Actually, setting the mechanical ventilation
within the generally accepted limit of 30 cmH,O pla-
teau pressure and approximately 15 cmH,O PEEP asso-
ciated with protective tidal volume does not satisfy any
of the theoretical prerequisites of the open lung strategy
(“opening and keeping open”) nor its expected advan-
tages (decrease of lung inhomogeneities).

Opening the lung

Opening collapsed lung tissue requires pressures ade-
quate to overcome the sum of defined counterforces:
(a) compressive forces due to the increased lung weight
[28]; (b) the surface tension forces due to the moving of
air/liquid interface from the small airway to the alveolar
space [29]; (c) the pressure needed to lift up the chest
wall [30]. It is worth reminding that the opening pres-
sures are an “intensive” property of the system, i.e., the
same opening pressure is needed in mild, moderate, and
severe ARDS to open a given collapsed unit with defined
characteristics (compression, surface tension, chest wall



Table 2 Uninflated tissue and intratidal collapse/reinflation at 5 and 15 cmH,0 PEEP

Mild - 5
Moderate - 10
Severe No 9
Yes 9
Mild - 5
Moderate = 10
Severe No 9
Yes 9

572 4+99 516 +£135 0.07
(46 = 4%) (40 £ 7%)

608 £ 271 492 £ 242 <0.001
(40 £ 16%) (32 £ 15%)

1029 £ 277 793 £ 241 <0.01
(58 % 9%) (45 £ 10%)

1624 £ 785 1393 £ 857 <0.01

(70 £ 11%) (57 £16%)

63 £ 26 39432 0.23
(5£2.1%) (3.2 £ 2.6%)

92 £ 53 78 £ 142 0.76
(6.2 & 3.6%) (5.3 £ 9.6%)

110 £ 91 89+ 93 0.57
(6 £ 5%) (5 £ 5%)

135+ 100 104 £ 80 0.32
(7 £ 5%) (5 £ 4%)

Upper part of the table summarizes the grams of uninflated tissue measured at PEEP 5 and 15 cmH,0 end-expiration. Lower part summarizes the grams of lung tissue
undergoing intratidal collapse and reinflation at PEEP 5 cmH,0 and PEEP 15 cmH,0 at constant tidal volume (i.e., the grams of lung tissue collapsed at PEEP and

recruited at the respective plateau pressure). Data were compared with paired t test

Table 3 Lung inhomogeneities

Mild 1743 14 £1
(h=15)
Moderate 21£6 18+ 5
(n=10)
Severe No (n=9) 1944 184+4
(n=18)
Yes 16+4 18+4
(n=9)

14+1 14+1 14+ 2° 1341
16 + 6° 15+ 72 17 +6° 1546
18+5 18+7 1945 18+5
2046 20472 17 +4 18+6

The table summarizes the lung inhomogeneities data (% of lung volume) obtained from the 6 CT scans performed during the study in patients with mild, moderate,
and severe ARDS. CT scans performed at 5, 19, 28, and 40 cmH,O were compared with a mixed model (p = 0.16 for airway pressure, p = 0.51 for ARDS severity, and

p <0.001 for interaction). Lung inhomogeneities at the different pressure levels were compared with the lung inhomogeneities at PEEP 5 cmH,0 (12 pre-planned
multiple comparisons) and p values were corrected with the Benjamini, Hochberg, and Yekutieli method. Lung inhomogeneities at PEEP 5 end-expiration and PEEP 15

end-expiration were compared with paired t tests
@ p < 0.05 vs end-expiration PEEP 5 cmH,0
b p <0.05 vs PEEP 5 cmH,0 in the same class of ARDS severity

elastance). The amount of recruitable tissue, instead, is an
“extensive” property of the system and, as such, it is pro-
portional to the lung size, to the severity of the disease,
and to the distribution of lung edema [30].

The compressive forces cannot exceed the lung height
and they generally range between 10 and 15 cmH,0O [28,
31]. The pressures needed to overcome the surface forces
in ARDS are estimated in the order of 15-20 cmH,O [29].
The pressures needed to lift up the chest wall, depending

on chest wall elastance, are in the order of 5-10 cmH,O
[30]. Therefore, in ARDS patients, the opening pressures
must overcome the sum of compressive, surface, and
chest wall forces and, consequently, they range between
30 and 45 cmH,O. The use of higher airway opening pres-
sures (up to 60 cmH,0) may result, in some patients, in
a negligible additional recruitment, with the risk of possi-
ble severe hypercapnia, acidosis, and the need for hemo-
dynamic support [32]. Present data confirm that at set
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Fig. 3 Lunginhomogeneities and PEEP. The extent of lung inhomogeneity of the individual patients with mild (upper left panel), moderate (upper
right), severe without ECMO (lower left), and severe with ECMO (lower right) is reported at PEEP 5 (red circles) and 15 cmH,O (blue circles). Orange and
purple lines denote median values for inhomogeneity at PEEP 5 and 15 cmH,0, respectively

pressure of 45 cmH,O the amount of recruitment is dra-
matically different between mild, moderate, and severe
ARDS [5]. If the inflation pressures, however, are limited
to 30 cmH,0, a significant proportion of the recruitable
lung stays closed throughout the whole respiratory cycle,
particularly in moderate and severe ARDS.

Keeping the lung open

The open lung approach implies that the tissue recruited
at plateau pressure is kept open during the expiratory
phase, otherwise “atelectrauma” will ensue. To keep the
lung open, “high enough” PEEP must be provided. Sev-
eral “higher PEEP” methods have been proposed in ran-
domized trials. Some were based on oxygenation (as
applied in the ALVEOLI and LOV trials [17, 18], result-
ing in average PEEP of 13.2 and 14.6 ¢mH,O, respec-
tively); some were based on respiratory mechanics (such
as the ExPress trial [19], resulting in average PEEP of

14.6 ¢cmH,0). Other studies were specifically designed
to test the open lung strategy and were based on oxy-
genation or respiratory mechanics changes observed on
the expiratory limb of the P-V curve (resulting in aver-
age PEEP of 15.8 cmH,0O [33]). The method based on
transpulmonary pressure resulted in an average PEEP of
17 cmH,O [34]. In a study comparing different methods
for “higher PEEP” selection (i.e., oxygenation, respira-
tory mechanics, transpulmonary pressure) in the same
patient, the resulting PEEP values were not statistically
different and averaged 14.5 cmH,O [35]. Therefore, the
bulk of data suggests that PEEP values of approximately
15 ¢cmH,O are considered “adequate” to keep the lung
open in an “average” ARDS population (obviously not
necessarily in the single patients).

In a previous work, where we estimated the uninflated
tissue at end-inspiration from the P-V curve (instead
of measuring it from the CT scans, as in the present
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work), we found that the tissue undergoing tidal opening
and closing decreased significantly from 141 to 63 g in
patients with recruitability higher than the median value
of that population (average lung weight approximately
1700 g). In the present population we found that the
tissue undergoing tidal opening and closing decreased
between 5 and 15 cmH,O from 123 to 96 g in severe
ARDS patients (average lung weight approximately
2000 g). Although both studies showed that increasing
PEEP to 15 cmH,0 decreased the opening—closing tis-
sue, this remained, however, still relevant in patients with
severe ARDS. Therefore, these levels of PEEP seem inad-
equate for keeping the lung fully open during low tidal
volume ventilation (6—8 ml/kg IBW).

Lung inhomogeneity

The result of the open lung strategy, based on Mead’s the-
ory, should be a decrease of lung inhomogeneity with a
more even distribution of the energy load into the lung
parenchyma. This model of “homogeneity” implies that
a collapsed region, when opened and kept open, has the
same mechanics and inflation of the neighboring already
open regions. This would cancel the “stress raisers” and
their devastating consequences on lung integrity. Unfor-
tunately, this view is likely to represent an oversimplifi-
cation. Indeed, in this study we found that the reduction
in inhomogeneities was limited only to few a percent-
age points in mild, moderate, and severe ARDS (with-
out ECMO), while it did not change, despite consistent
recruitment, in severe ARDS. This apparent paradox is
explained by the behavior of the poorly aerated tissue,
which is a determinant source of inhomogeneity [24].
Indeed, the increased homogeneity due to a better infla-
tion of previously poorly aerated tissue is cancelled out
by the recruitment of uninflated tissue into new poorly
aerated tissue (inhomogeneous) [36]. The final result is
that the homogeneity increases much less than expected
from the theoretical models, depending on the balance
(after recruitment) between the increase in well-aerated
tissue (homogeneous), the behavior of poorly aerated tis-
sue (inhomogeneous), and the decrease in uninflated tis-
sue (homogeneous).

Clinical consequences

We believe that our data may call into question some of
the current settings of mechanical ventilation and may
cast some doubt on the clinical relevance of the atelec-
trauma. The lung opening is largely applied in ARDS
through the recruitment maneuvers. Our data suggest
that setting 45 cmH,0O on the ventilator to recruit the
lung is unnecessary in mild ARDS, as at 30 cmH,O pla-
teau pressure most of the recruitment is already achieved.
In contrast, in this range of pressures (30-45 ¢cmH,0),

a relevant amount of tissue may be recruited in moder-
ate and severe ARDS. The fate of this recruited tissue,
however, depends on how the ventilator is set after the
recruitment maneuver. Limiting the plateau pressure to
30 cmH,0 and the PEEP at 15 cmH,O will lead to the col-
lapse of the tissue recruited between 30 and 45 cmH,O.
To keep open this fraction of recruitable tissue, two alter-
natives are possible: either the sigh ventilation [37], with
all the problems due to the large tidal volumes, or a PEEP
level far greater than the one currently used.

Therefore, one should choose between the following
alternatives: either to ventilate between 30 cmH,O pla-
teau and PEEP 15 cmH,O, accepting that up to 30% of the
lung will remain closed and a fraction of atelectrauma is
always present, or to use PEEP levels far higher than the
ones commonly applied. The clinical question is whether
the atelectrauma is less harmful than the possible volu-
trauma due to a further increase of PEEP. In our opinion,
the available theoretical [11] and experimental data [38]
suggest that atelectrauma may be safer than volutrauma,
although this should be prospectively evaluated in a trial
conducted on patients with high recruitability.

Electronic supplementary material
The online version of this article (doi:10.1007/s500134-017-4754-8) contains
supplementary material, which is available to authorized users.

Author details

! Dipartimento di Fisiopatologia Medico-Chirurgica e dei Trapianti, Univer-
sita degli Studi di Milano, Milan, Italy. 2 Dipartimento di Scienze della Salute,
Universita degli Studi di Milano, Milan, Italy. > Struttura Complessa Anestesia
e Rianimazione ASST Santi Paolo e Carlo, Milan, Italy. * Ospedale Maggiore
Policlinico, Milan, Italy. > Department of Intensive Care Medicine, Rebro
Hospital, University of Zagreb, Zagreb, Croatia. 6 Department of Anesthe-
siology, Emergency and Intensive Care Medicine, University of Gottingen,
Robert-Koch-Stral3e 40, 37075 Géttingen, Germany.

Acknowledgements
The authors gratefully acknowledge Dr. Luigi Camporota for his precious com-
ments on the manuscript.

Compliance with ethical standards

Conflicts of interest

Dr. Cressoni and Dr. Gattinoni hold an Italian patent for determination of lung
inhomogeneities (0001409041). On behalf of all authors, the corresponding
author states that there are no other conflicts of interest.

Received: 19 February 2017 Accepted: 1 March 2017
Published online: 10 March 2017

References

1. Marini JJ (1994) Tracheal gas insufflation: a useful adjunct to ventilation?
Thorax 49(8):735-737

2. Amato M et al (1996) Improved survival in ARDS: beneficial effects of a
lung protective strategy (abstract). Am J Respir Crit Care Med 2(4, Part
2):A531

3. Mead J, Takishima T, Leith D (1970) Stress distribution in lungs: a model of
pulmonary elasticity. J Appl Physiol 28(5):596-608

4. Lachmann B (1992) Open up the lung and keep the lung open. Intensive
Care Med 18(6):319-321


http://dx.doi.org/10.1007/s00134-017-4754-8

611

20.

Caironi P et al (2010) Lung opening and closing during ventilation

of acute respiratory distress syndrome. Am J Respir Crit Care Med
181(6):578-586

Tremblay L et al (1997) Injurious ventilatory strategies increase cytokines
and c-fos m-RNA expression in an isolated rat lung model. J Clin Investig
99(5):944-952

Ranieri VM et al (1999) Effect of mechanical ventilation on inflammatory
mediators in patients with acute respiratory distress syndrome: a rand-
omized controlled trial. JAMA 282(1):54-61

Webb HH, Tierney DF (1974) Experimental pulmonary edema due to
intermittent positive pressure ventilation with high inflation pressures.
Protection by positive end-expiratory pressure. Am Rev Respir Dis
110(5):556-565

Protti A et al (2013) Lung stress and strain during mechanical ventila-
tion: any difference between statics and dynamics? Crit Care Med
41(4):1046-1055

The Acute Respiratory Distress Syndrome Network (2000) Ventilation with
lower tidal volumes as compared with traditional tidal volumes for acute
lung injury and the acute respiratory distress syndrome. N Engl J Med
342(18):1301-1308

Gattinoni L et al (2016) Ventilator-related causes of lung injury: the
mechanical power. Intensive Care Med 42(10):1567-1575

Pontoppidan H, Geffin B, Lowenstein E (1972) Acute respiratory failure in
the adult. 2. N Engl J Med 287(15):743-752

Bellani G et al (2016) Epidemiology, patterns of care, and mortality for
patients with acute respiratory distress syndrome in intensive care units
in 50 countries. JAMA 315(8):788-800

Hodgson C et al (2009) Recruitment manoeuvres for adults with acute
lung injury receiving mechanical ventilation. Cochrane Database Syst Rev
2009(2):CD006667

Suzumura EA et al (2014) Effects of alveolar recruitment maneu-

vers on clinical outcomes in patients with acute respiratory distress
syndrome: a systematic review and meta-analysis. Intensive Care Med
40(9):1227-1240

Kacmarek RM, Kallet RH (2007) Respiratory controversies in the critical
care setting. Should recruitment maneuvers be used in the management
of ALl and ARDS? Respir Care 52(5):622-631 (discussion 631-5)

Brower RG et al (2004) Higher versus lower positive end-expiratory pres-
sures in patients with the acute respiratory distress syndrome. N Engl J
Med 351(4):327-336

Meade MO et al (2008) 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(6):637-645

Mercat A et al (2008) Positive end-expiratory pressure setting in adults
with acute lung injury and acute respiratory distress syndrome: a rand-
omized controlled trial. JAMA 299(6):646-655

Young D et al (2013) High-frequency oscillation for acute respiratory
distress syndrome. N Engl J Med 368(9):806-813

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33

34.

35.

36.

37.

38.

. Ferguson ND et al (2013) High-frequency oscillation in early acute res-

piratory distress syndrome. N Engl J Med 368(9):795-805

Caironi P et al (2015) Lung recruitability is better estimated according to
the Berlin definition of acute respiratory distress syndrome at standard

5 c¢m H20 rather than higher positive end-expiratory pressure: a retro-
spective cohort study. Crit Care Med 43(4):781-790

Gattinoni L et al (1987) Pressure-volume curve of total respiratory system
in acute respiratory failure. Computed tomographic scan study. Am Rev
Respir Dis 136(3):730-736

Cressoni M et al (2014) Lung inhomogeneity in patients with acute
respiratory distress syndrome. Am J Respir Crit Care Med 189(2):149-158
Cressoni M et al (2013) Limits of normality of quantitative thoracic CT
analysis. Crit Care 17(3):R93

Benjamini Y, Yekutieli D (2001) The control of the false discovery rate in
multiple testing under dependency. Ann Stat 29(4):1165-1188

R Development Core Team (2010) A language and environment for
statistical computing. R Foundation for Statistical Computing, Vienna
Pelosi P et al (1994) Vertical gradient of regional lung inflation in adult
respiratory distress syndrome. Am J Respir Crit Care Med 149(1):8-13
Ghadiali SN, Gaver DP (2008) Biomechanics of liquid-epithelium interac-
tions in pulmonary airways. Respir Physiol Neurobiol 163(1-3):232-243
Cressoni M et al (2014) Compressive forces and computed tomography-
derived positive end-expiratory pressure in acute respiratory distress
syndrome. Anesthesiology 121(3):572-581

. Gattinoni L et al (1993) Regional effects and mechanism of positive end-

expiratory pressure in early adult respiratory distress syndrome. JAMA
269(16):2122-2127

Borges JB et al (2006) Reversibility of lung collapse and hypoxemia in
early acute respiratory distress syndrome. Am J Respir Crit Care Med
174(3):268-278

Kacmarek RM et al (2016) Open lung approach for the acute respiratory
distress syndrome: a pilot, randomized controlled trial. Crit Care Med
44(1):32-42

Talmor D et al (2008) Mechanical ventilation guided by esophageal pres-
sure in acute lung injury. N Engl J Med 359(20):2095-2104

Chiumello D et al (2014) Bedside selection of positive end-expiratory
pressure in mild, moderate, and severe acute respiratory distress syn-
drome. Crit Care Med 42(2):252-264

Chiumello D et al (2016) Lung recruitment assessed by respiratory
mechanics and computed tomography in patients with acute respiratory
distress syndrome. What is the relationship? Am J Respir Crit Care Med
193(11):1254-1263

Pelosi P et al (1999) Sigh in acute respiratory distress syndrome. Am J
Respir Crit Care Med 159(3):872-880

Guldner A et al (2016) Comparative effects of volutrauma and atelec-
trauma on lung inflammation in experimental acute respiratory distress
syndrome. Crit Care Med 44(9):e854-e865



	Opening pressures and atelectrauma in acute respiratory distress syndrome
	Abstract 
	Purpose: 
	Methods: 
	Results: 
	Conclusions: 
	Trial registration: 

	Introduction
	Materials and methods
	Pressure and volume measurements
	Inspiratory recruitment
	Intratidal openingclosing tissue
	CT scan analysis
	Lung inhomogeneities
	Statistical methods

	Results
	Inspiratory lung recruitment and opening pressure
	Collapse and reinflation
	Lung inhomogeneities
	Additional results

	Discussion
	Opening the lung
	Keeping the lung open
	Lung inhomogeneity
	Clinical consequences

	Acknowledgements
	References




