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Mechanical Ventilation in Acute Respiratory Distress 
Syndrome
Time Heals All Wounds, or Does It?
Lorenzo Del Sorbo, M.D., Rolf Hubmayr, M.D., Arthur S. Slutsky, C.M., M.D., F.R.S.C.

Acute respiratory distress 
syndrome (ARDS), char-

acterized by the acute onset of 
hypoxemia (PaO

2
/FIO

2
 less than or 

equal to 300), bilateral pulmonary 
radiographic opacities, and diffuse 
inflammatory-induced pulmo-
nary capillary leakage,1 is a critical 
public health issue. There are more 
than three million patients per year 
with ARDS receiving mechani-
cal ventilation,2 and their mortal-
ity rate is very high, ranging from 
about 30% to 40%.3

Over the last 25 yr, a substan-
tial body of literature has clearly 
demonstrated that this high mor-
tality rate is in part attributable to 
the injurious effects of mechanical 
ventilation, so-called ventilator- 
induced lung injury.4 Although 
significant progress has been made 
in reducing ventilator-induced 
lung injury and improving patient 
outcomes, current lung protective 
ventilatory strategies may still be associated with high risk 
of ventilator-induced lung injury, especially in patients with 
more severe ARDS.5 As such, increased understanding of 
the pathophysiologic mechanisms mediating ventilator- 
induced lung injury, through studies such as the one by 
Felix et al.6 in this issue of the Journal, is important to 
help design optimal ventilatory strategies,7 and potentially 
improve outcomes.

The two major mechanisms that are thought to mediate 
ventilator-induced lung injury are regional alveolar over-
distension, leading to barotrauma and volutrauma, and tidal 
airway opening and collapse, so-called atelectrauma.4 Both 
of these mechanisms of injury can lead to biotrauma with 

release of mediators into the lung, 
and then into the systemic circu-
lation, which in turn can cause 
end-organ dysfunction and death.8 
Other factors which are thought 
to play a role in ventilator- 
induced lung injury are respira-
tory rate,9 pulmonary blood flow,10 
and development of pendelluft,11 
although the precise contributions 
of each of the mechanisms are 
unclear.

To minimize ventilator-induced 
lung injury, current clinical guide-
lines recommend the use of prone 
position in moderate to severe 
ARDS, and limiting tidal volume 
and airway pressures in all patients. 
In addition, the guidelines suggest 
that higher positive end-expiratory 
pressures (PEEP) may be beneficial 
in moderate and severe ARDS.12 
However, the optimal reduction 
of airway pressure or tidal volume, 
or the optimal end-expiratory 

pressure and volume to prevent ventilator-induced lung 
injury and maximize survival, is not known, and crucial 
pathophysiological questions remain unanswered: Is it total 
lung volume or tidal volume that’s important? What is the 
optimal PEEP? Does the presence of lung inhomogeneity 
change the relationship between these critical variables? Is 
driving pressure or mechanical power delivered to the lung 
the key variable?

Within the context of this fascinating and important 
field of research, Felix et al.6 have published an interesting 
study addressing a novel mechanism of ventilator-induced 
lung injury. The authors address the hypothesis that the 
lung injury induced by high tidal volume ventilation would 

“[Would] lung injury induced 
by high tidal volume ventila-
tion [in ARDS]... be less if that 
high tidal volume was reached 
by gradually increasing tidal 
volume over time[?]”

Image: J. P. Rathmell.

This editorial accompanies the article on p. 767.
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be less if that high tidal volume was reached by gradually 
increasing tidal volume over time. The concept is that if 
the pulmonary extracellular matrix as well as epithelial and 
endothelial cells had time to adapt to the increased stretch, 
the injury would be less.

In an experimental model of mild ARDS induced by 
intratracheal administration of lipopolysaccharide, the 
authors randomized rats to receive mechanical ventilation 
for a total of 2 h as follows: (1) Negative Control Group: low 
tidal volume (6 ml/kg) for 2 h, (2) No Adaptation Group (pos-
itive control): 6 ml/kg for 1 h followed by an abrupt increase 
to high tidal volume (22 ml/kg) for 1 h, (3) Shorter Adaptation 
Group: 6 ml/kg for 30 min followed by a slow progressive 
increase over 30 min to 22 ml/kg, then maintained at 22 ml/
kg for 1 h, and (4) Longer Adaptation Group: Gradual increase 
from 6 ml/kg to 22 ml/kg over 60 min, then maintained 
for 1 h at 22 ml/kg. They found that the Shorter Adaptation 
Group had significantly less damage than the No Adaptation 
Group in a number of variables, including diffuse alveolar 
damage, interstitial edema, alveolar inhomogeneity, signifi-
cantly less mRNA lung tissue expression of interleukin 6 (a 
biomarker for inflammation), less amphiregulin (a biomarker 
for mechanical pulmonary stretch), and less matrix metallo-
proteinase 9 (a biomarker of extracellular matrix damage).

These results are generally in accord with previous stud-
ies that have addressed the impact of slow increases in PEEP 
on lung recruitment and lung injury. Silva et al.13 demon-
strated in an experimental model of acute lung injury that 
stepwise recruitment maneuvers were associated with less 
pulmonary injury compared with sustained inflations at 
constant airway pressure. Chiumello et al.14 demonstrated a 
time-dependent impact of PEEP on oxygenation in patients 
with ARDS, such that when PEEP was increased from 5 to 
10 to 15 cm H

2
O the new equilibrium of gas exchange was 

not reached even after 60 min, whereas adaptation was faster 
during decremental PEEP changes.

In essence, it is possible that relatively slow increases 
in tidal volume as used by Felix et al.6 could have led to 
recruitment of lung units during the slow increases in tidal 
volume, thus gradually decreasing lung inhomogeneities, 
and hence decreasing the stress and strain during and at the 
end of the gradual increase in tidal volume.

Another interesting hypothesis potentially explaining 
the importance of time in maximizing lung adaptation to 
high stress and strain relates to the ability of the lung tissue 
to repair itself relatively quickly, as nicely demonstrated in 
a number of experimental studies.15 Stress adaptation may 
be viewed as a highly coordinated reorganization within 
and between cytoskeletal networks, cellular plasma and 
endomembrane stores, and the supporting lung matrix. 
These events occur on a subsecond timescale and are inte-
gral to the pathogenesis of ventilator-induced lung injury.16 
Although it is convenient to consider ventilator-induced 
lung injury as the result of having exceeded some physical 
injury threshold, there are undoubtedly complex nonlinear 

interactions between physical input amplitude and fre-
quency, and the temporal expressions of local and systemic 
responses.

So far, all of this makes for a very good story. However, 
there is one aspect of Felix et al.’s study which is very dif-
ficult to explain. According to the mechanisms described 
above, the Longer Adaptation Group, which should have had 
similar or less injury than the Shorter Adaptation Group, 
had greater injury, and in fact had injury similar to those 
animals who received the abrupt increase in tidal volume. 
The authors suggest that this may have been because the 
Longer Adaptation Group had a greater cumulative transfer 
of power (area under the curve of power vs. time) over the 
2-hour period compared with the Shorter Adaptation Group. 
However, if this were the critical variable, then the No 
Adaptation Group should have had the least injury of any of 
the intervention groups—but it did not. In addition, if the 
cumulative transfer of power is indeed the critical variable, 
then over time the impact of any adaptation strategy would 
eventually become insignificant.

Given this unexpected finding, it is difficult to make 
direct clinical inferences from this work. It is also unclear 
whether this adaptation to a progressive increase in tidal 
volume would occur in humans who have larger lungs, and 
diverse mechanisms and severities of underlying injury.

The study by Felix et al.6 is intriguing, shining a spotlight 
on a mechanism of lung injury that has not received a great 
deal of investigation. And, as with many intriguing studies, 
it raises more questions than it answers.

Competing Interests

The authors are not supported by, nor maintain any finan-
cial interest in, any commercial activity that may be associ-
ated with the topic of this article.

Correspondence

Address correspondence to Dr. Slutsky: slutskya@smh.ca

references

 1. Ranieri VM, Rubenfeld GD, Thompson BT, Ferguson 
ND, Caldwell E, Fan E, Camporota L, Slutsky AS; 
ARDS Definition Task Force: Acute respiratory dis-
tress syndrome: The Berlin Definition. JAMA 2012; 
307:2526–33

 2. Rubenfeld GD, Caldwell E, Peabody E, Weaver J, 
Martin DP, Neff M, Stern EJ, Hudson LD: Incidence 
and outcomes of acute lung injury. N Engl J Med 2005; 
353:1685–93

 3. Bellani G, Laffey JG, Pham T, Fan E, Brochard L, Esteban 
A, Gattinoni L, van Haren F, Larsson A, McAuley DF, 
Ranieri M, Rubenfeld G, Thompson BT, Wrigge H, 
Slutsky AS, Pesenti A; LUNG SAFE Investigators; 
ESICM Trials Group: Epidemiology, patterns of care, 

Copyright © 2019, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel




Editorial ViEws

682 Anesthesiology 2019; 130:680–2 Del Sorbo et al.

and mortality for patients with acute respiratory dis-
tress syndrome in intensive care units in 50 countries. 
JAMA 2016; 315:788–800

 4. Slutsky AS, Ranieri VM: Ventilator-induced lung injury. 
N Engl J Med 2013; 369:2126–36

 5. Terragni PP, Rosboch G, Tealdi A, Corno E, Menaldo 
E, Davini O, Gandini G, Herrmann P, Mascia L, Quintel 
M, Slutsky AS, Gattinoni L, Ranieri VM: Tidal hyper-
inflation during low tidal volume ventilation in acute 
respiratory distress syndrome. Am J Respir Crit Care 
Med 2007; 175:160–6

 6. Felix NS, Samary CS, Cruz FF, Rocha NN, Fernandes 
MVS, Machado JA, Bose-Madureira RL, Capelozzi 
VL, Pelosi P, Silva PL, Marini JJ, Rocco PRM: 
Gradually increasing tidal volume may mitigate 
experimental lung injury in rats. Anesthesiology 
2019; 130:767–77.

 7. Del Sorbo L, Goligher EC, McAuley DF, Rubenfeld 
GD, Brochard LJ, Gattinoni L, Slutsky AS, Fan E: 
Mechanical ventilation in adults with acute respira-
tory distress syndrome: Summary of the experimental 
evidence for the clinical practice guideline. Ann Am 
Thorac Soc 2017; 14(Supplement 4):261–70

 8. Slutsky AS, Tremblay LN: Multiple system organ 
failure. Is mechanical ventilation a contributing fac-
tor? Am J Respir Crit Care Med 1998; 157(6 Pt 1): 
1721–5

 9. Hotchkiss JR Jr, Blanch L, Murias G, Adams AB, Olson 
DA, Wangensteen OD, Leo PH, Marini JJ: Effects of 
decreased respiratory frequency on ventilator-induced 
lung injury. Am J Respir Crit Care Med 2000; 161(2 Pt 
1):463–8

 10. López-Aguilar J, Piacentini E, Villagrá A, Murias G, 
Pascotto S, Saenz-Valiente A, Fernández-Segoviano P, 
Hotchkiss JR, Blanch L: Contributions of vascular flow 
and pulmonary capillary pressure to ventilator-induced 
lung injury. Crit Care Med 2006; 34:1106–12

 11. Yoshida T, Torsani V, Gomes S, De Santis RR, Beraldo 
MA, Costa EL, Tucci MR, Zin WA, Kavanagh BP, 
Amato MB: Spontaneous effort causes occult pendel-
luft during mechanical ventilation. Am J Respir Crit 
Care Med 2013; 188:1420–7

 12. Fan E, Del Sorbo L, Goligher EC, Hodgson CL, 
Munshi L, Walkey AJ, Adhikari NKJ, Amato MBP, 
Branson R, Brower RG, Ferguson ND, Gajic O, 
Gattinoni L, Hess D, Mancebo J, Meade MO, McAuley 
DF, Pesenti A, Ranieri VM, Rubenfeld GD, Rubin 
E, Seckel M, Slutsky AS, Talmor D, Thompson BT, 
Wunsch H, Uleryk E, Brozek J, Brochard LJ; American 
Thoracic Society, European Society of Intensive Care 
Medicine, and Society of Critical Care Medicine: An 
official American Thoracic Society/European Society 
of Intensive Care Medicine/Society of Critical Care 
Medicine Clinical Practice Guideline: Mechanical 
ventilation in adult patients with acute respiratory 
distress syndrome. Am J Respir Crit Care Med 2017; 
195:1253–63

 13. Silva PL, Moraes L, Santos RS, Samary C, Ramos MB, 
Santos CL, Morales MM, Capelozzi VL, Garcia CS, de 
Abreu MG, Pelosi P, Marini JJ, Rocco PR: Recruitment 
maneuvers modulate epithelial and endothelial cell 
response according to acute lung injury etiology. Crit 
Care Med 2013; 41:e256–65

 14. Chiumello D, Coppola S, Froio S, Mietto C, Brazzi L, 
Carlesso E, Gattinoni L: Time to reach a new steady 
state after changes of positive end expiratory pressure. 
Intensive Care Med 2013; 39:1377–85

 15. Cong X, Hubmayr RD, Li C, Zhao X: Plasma mem-
brane wounding and repair in pulmonary diseases. Am 
J Physiol Lung Cell Mol Physiol 2017; 312:L371–91

 16. Gajic O, Lee J, Doerr CH, Berrios JC, Myers JL, 
Hubmayr RD: Ventilator-induced cell wounding and 
repair in the intact lung. Am J Respir Crit Care Med 
2003; 167:1057–63

Copyright © 2019, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.


