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Abstract

Acute respiratory distress syndrome (ARDS) is characterized by the heterogene-
ous distribution of lung aeration along a gravitational direction due to increased
lung density. Therefore, the lung available for ventilation is usually limited to ven-
tral, nondependent lung regions and has been called the “baby” lung. In ARDS,
ventilator-induced lung injury is known to occur in nondependent “baby” lungs, as
ventilation is shifted to ventral, nondependent lung regions, increasing stress and
strain. To protect this nondependent “baby” lung, the clinician targets and limits
global parameters such as tidal volume and plateau pressure. In addition, positive
end-expiratory pressure (PEEP) is used to prevent dorsal, dependent atelectasis and,
if successful, increases the size of the baby lung and lessens its susceptibility to injury
from inspiratory stretch. Although many clinical trials have been performed in pa-
tients with ARDS over the last two decades, there are few successfully showing ben-
efits on mortality (ie, prone positioning and neuromuscular blocking agents). These
disappointing results contrast with other medical disciplines, especially in oncology;,
where the heterogeneity of diseases is recognized widely and precision medicine has
been promoted. Thus, lung-protective ventilation strategies need to take an innova-
tive approach that accounts for the heterogeneity of injured lungs. This article sum-
marizes ventilator-induced lung injury and ARDS and discusses how to implement
precision medicine in the field of ARDS. Potentially useful methods to individualize
PEEP with esophageal balloon manometry, lung recruitability, and electrical imped-
ance tomography were discussed.
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VENTILATOR-INDUCED LUNG
INJURY AND LUNG-PROTECTIVE
VENTILATION STRATEGY

of a 5- to 6-year-old child." It is known as the “baby” lung.'
Recent studies using fluorodeoxyglucose-positron emission
tomography have indicated that actively inflamed areas are
observed in ventilated lung regions, namely, normal lung

In acute respiratory distress syndrome (ARDS), inflamma-
tion increases lung density, causing a heterogeneous distri-
bution of lung aeration along the gravitational direction.' In
the supine position, the dorsal, dependent lung regions are
likely to collapse due to increased lung density, and thus, the
lung available for ventilation is usually limited to the ven-
tral, nondependent lung regions, similar to the lung volume

regions continuously exposed to ventilation, rather than
in nonventilated areas, such as lung collapse.”* Therefore,
minimizing inflammation in the normal “baby” lung regions
is the primary goal of lung-protective ventilation strategies.

The Acute Respiratory Distress Syndrome Network trial
published in 2000 (ARMA) was a landmark clinical trial
investigating the impacts of lung-protective ventilation
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strategies in patients with acute lung injury (ALI) and
ARDS.” The study aimed to determine whether lower tidal
volumes and lower plateau pressure could improve out-
comes compared with traditional ventilation strategies.
The study enrolled 861 patients with ALI or ARDS and
randomized them into two groups. One group received
traditional ventilation with tidal volumes of 12mL/kg of
predicted body weight and a plateau pressure of 50 cmH,0
or less, while the lung-protective ventilation group re-
ceived ventilation with lower tidal volumes of 6 mL/kg of
predicted body weight and a plateau pressure of 30 cmH,0
or less. The results of the ARMA study showed a signif-
icant reduction in mortality among patients receiving
lower tidal volumes. The lung-protective ventilation group
receiving a lower tidal volume and lower plateau pressure
had a mortality rate of 31.0% compared with 39.8% in the
traditional ventilation group.

To protect the nondependent “baby” lung, clinicians
adopt a strategic approach by targeting and restricting global
parameters, including tidal volume and plateau pressure.
This practice stems from findings in the ARMA trial, which
highlighted the advantages of using a lung-protective venti-
lation strategy in cases of ARDS. The objective is to capital-
ize on the benefits associated with lower tidal volume and
plateau pressure, with the intention of reducing the vulner-
ability of the ventral “baby” lung to injury caused by inspi-
ratory stretch.’®

MANY TRIALS FAILED TO SHOW
BENEFITS IN ARDS

The mortality rate of patients with ARDS, however, has
remained high over the last two decades, despite lung-
protective ventilation.” An epidemiologic study published in
2005 by Rubenfeld et al® found that in 1113 patients who un-
derwent mechanical ventilation and met the criteria for ALI,
the in-hospital mortality rate was 38.5%. Approximately
10years later, another epidemiologic study conducted by
Bellani et al” investigated the mortality rates for patients
with ARDS in 50 countries worldwide (LUNG SAFE study).

During the winter of 2014, out of 29,144 intensive care unit
admissions, 10.4% had ARDS. Among them, 2377 patients
needed mechanical ventilation due to respiratory failure.
The LUNG SAFE study found that the mortality rates for
mild, moderate, and severe ARDS were 34.9%, 40.3%, and
46.1%, respectively (Figure 1).

Many clinical trials in supportive care have been per-
formed since the ARMA trial, but only two have success-
fully been shown to improve mortality in patients with
ARDS.’ First, systemic use of neuromuscular blocking
agents in conjunction with lung-protective ventilation
strategies including a lower positive end-expiratory pres-
sure (PEEP)-fraction of inspired oxygen (FiO,) table
reduced the incidence of barotrauma and mortality in pa-
tients with severe ARDS.' This is probably because the
silencing of respiratory muscles prevents additional lung
stretch imposed by spontaneous breathing activity and
prevents patient-ventilator asynchrony."" Of note, the re-
evaluation of the systemic early neuromuscular blockade
(ROSE) trial found no benefits of routine use of neuromus-
cular blocking agents in ARDS when applying a higher
PEEP-FiO, strategy.'” Higher PEEP may render sponta-
neous effort less injurious, thereby confounding the im-
pact of the intervention."”> Second, the prone position in
conjunction with the lung-protective ventilation strategy
also reduced mortality in patients with severe ARDS."
The prone position helps to increase the end-expiratory
lung volume, probably depending on lung recruitability,
the shape of the chest wall, the presence of abdominal hy-
pertension, and the presence of support.'® Thus, the prone
position reduces the heterogeneity of lung aeration in
ARDS. Regarding pharmacological therapies, more than
20 clinical trials have been performed thus far, for exam-
ple, using nitric oxide, surfactant, beta2 agonist, simvas-
tatin, sivelestat, and omega 3 supplementation, but all of
them have failed to show the benefits of improving mortal-
ity in patients with ARDS.” Of note, all pharmacological
therapies successfully passed preclinical studies in exper-
imental models of lung injury and even phase I/II clini-
cal trials. These disappointing results contrast with other
medical disciplines, especially in oncology, where ~10% of
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FIGURE 1 Epidemiology of ARDS. Over the last two decades since the ARMA trial, in-hospital mortality in patients with ARDS has not decreased

dramatically. ARDS, acute respiratory distress syndrome.
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drugs found to be beneficial and safe in preclinical investi-
gations are implemented in daily practice and included in
recommendations in the guidelines.'® Although the anti-
inflammatory effect of corticosteroids might improve the
prognosis of ARDS, many studies have failed to show their
benefits thus far, and thus, the efficacy of corticosteroids
in ARDS remains controversial. A recent clinical trial
showed that early administration of dexamethasone could
reduce the duration of mechanical ventilation and over-
all mortality in patients with moderate-to-severe ARDS.
Of note, enrolled patients were ventilated with lung-
protective mechanical ventilation, different from previous
studies on corticosteroids."” Of course, more substantial
evidence will be necessary to confirm the efficacy of cor-
ticosteroids in ARDS.

The definition of ARDS is excellent for screening but
poor for diagnosis.'® This is because ARDS is a biologically
and physiologically heterogeneous syndrome but not a dis-
ease with a single mechanism that is responsive to singular
intervention.'® Underlying diseases, risk factors, severity,
and causes of ARDS will lead to substantial differences
in pathophysiology and, of course, response to specific
interventions. Thus, the probability of success in ARDS
clinical trials can be enhanced by reducing such hetero-
geneity among enrolled patients. Trials of neuromuscular
blocking agents'® and the prone position'* are good exam-
ples that could show the value of reducing heterogeneity
among enrolled patients.

These two clinical trials focused on patients with more
severe ARDS and reduced the heterogeneity among en-
rolled patients. Initially, clinical trials on the prone po-
sition included an unselected population of patients with
ARDS from the perspective of severity and failed to im-
prove mortality."** Gattinoni et al*> performed a post
hoc analysis of four major clinical trials on the prone po-
sition and found that its benefit on mortality was limited
to patients with severe ARDS (ie, arterial oxygen pressure
[PaO,]/FiO, <150 mm Hg). When heterogeneity was re-
duced by enrolling patients with only severe ARDS, the
PROSEVA trial successfully showed improved mortality
in ARDS." In this trial, 466 patients with severe ARDS
were randomized to early (<36h after intubation), lengthy
(16 h per day), and intermittent prone position or to a stan-
dard supine position. The prone position led to decreased
28-day mortality (16.0% vs 32.8%) and 90-day mortality
(23.6% vs 41.0%). The ACURASYS trial has shown the
same direction.'® Systemic use of neuromuscular block-
ing agents was shown to improve mortality in moderate-
to-severe ARDS, but the greatest benefit was shown in
patients with PaO,/FiO, less than 120 mm Hg. A recent
study reported that machine learning classifier models
were helpful in identifying the ARDS phenotype of hyper-
inflammatory or hypoinflammatory conditions and thus
reduced the heterogeneity of ARDS.** Of note, the pheno-
types have widely divergent clinical outcomes, and differ-
ential treatment responses have been identified for PEEP,*
fluid therapy,*® and simvastatin.?’

& SURGERY

To further decrease mortality in ARDS, ventilatory strat-
egies need to be tailored by detecting each subgroup/pheno-
type response to specific interventions.

PERSONALIZED VENTILATORY
STRATEGY FOR ARDS

Individualizing tidal volume

In patients with ARDS, the lung parenchyma available for
ventilation is reduced, and the size of nondependent “baby”
lung regions is variable among patients.”® As tidal volume
is scaled to body size (predicted body weight is based on
“height” and “gender”),” a tidal volume of 6mL/kg of pre-
dicted body weight does not always help to reduce stress and
strain. The smaller the size of the “baby” lung available for
ventilation, the greater the amount of cyclic parenchymal
deformation, even if the tidal volume is reduced to 6 mL/kg
of predicted body weight. The physiological parameter that
correlates with the size of the lung available for ventilation
is known to be respiratory system compliance (Crs). Amato
et al*® proposed that tidal volume should be individualized
(normalized) by each size of lung available for ventilation
(ie, Crs), and that using the ratio as an index indicating the
“functional” size of the lung would provide a better predic-
tor of outcomes in patients with ARDS than tidal volume
alone. This ratio, termed driving pressure (tidal volume di-
vided by Crs), was most strongly related to survival, which
was found by analyzing data from nine previous clinical tri-
als. This concept was confirmed in several clinical studies by
showing that driving pressure was associated with hospital
mortality.***

Individualizing PEEP

Theoretically, PEEP is used to prevent dorsal (dependent)
atelectasis and, if successful, increases the size of the baby
lung and lessens its susceptibility to injury from inspiratory
stretch. There is an experience-based method for determin-
ing PEEP corresponding to pulmonary oxygenation capac-
ity (ie, the PEEP-FiO, table).” Although a meta-analysis
revealed that higher PEEP was associated with better out-
comes in severe ARDS,’' no optimal method to set PEEP has
been shown thus far. This is probably because the response
to PEEP (ie, lung recruitability) is variable among patients
with ARDS.* Several methods to individualize PEEP are
presented here.

Esophageal balloon manometry

The global parameter of airway pressure (eg, PEEP) reflects
distension of the lung and chest wall.**** Airway pres-
sure applied to the respiratory system degenerates into two
components: distending chest wall (pleural pressure) and
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distending lung (transpulmonary pressure).”>** The propor-
tion of lung distending pressure to airway pressure is vari-
able among patients with ARDS, depending on obesity and
so on. Esophageal balloon manometry is the only clinically
available technique to separate airway pressure into pleural
pressure and transpulmonary pressure.” Therefore, esopha-
geal balloon manometry has the potential to optimize PEEP
by maintaining sufficient lung distending pressure rather
than targeting pressures applied to the whole respiratory
system. To prevent atelectasis, it has been proposed to adjust
PEEP such that expiratory transpulmonary “distending”
pressure is slightly positive, and this is assumed to ensure
that the lung (if recruitable) is maintained open (Figure 2).*®

A recent study has shown that absolute esophageal pressure
is not affected by the weight of the heart or mediastinum and
accurately reflects the local pleural pressure where the esopha-
geal balloon is located, that is, the mid-to-dorsal lung, which is
usually affected by lung collapse.*® Thus, it is reasonable to set
the PEEP such that the expiratory transpulmonary pressure
calculated from the absolute esophageal pressure is greater
than 0 to prevent alveolar collapse. Talmor et al*> conducted
a single-center randomized controlled trial based on the hy-
pothesis that PEEP with an expiratory transpulmonary pres-
sure greater than or equal to 0 is necessary to prevent alveolar
collapse. In this trial of EPVent,” 61 patients with ARDS were
randomized to PEEP adjusted according to measurements of
esophageal pressure or according to the Acute Respiratory
Distress Syndrome Network standard-of-care recommenda-
tions, that is, low PEEP-FiO, table. The results showed that
oxygenation and respiratory compliance improved more in
the esophageal pressure-guided group. In the EPVent-2 trial,*®
the esophageal pressure-guided group showed no improve-
ment in mortality and no increase in ventilator-free days. Post
hoc reanalysis of the EPVent-2 trial found that, independent
of baseline severity or treatment group, mortality was lowest
when expiratory transpulmonary pressure was close to 0cm

H,O (vs more positive or negative value).”’ A recent obser-
vational study found the effectiveness of esophageal balloon
manometry to set the PEEP.*® The maintenance of expiratory
transpulmonary pressure greater than 0 cmH,O was asso-
ciated with better 60-day mortality in patients with obesity
(body mass index >30kg/m?).*°

Recruitability

In 2006, Gattinoni et al*? conducted a computed tomogra-
phy study to investigate the relationship between the per-
centage of potentially recruitable lungs and the physiological
effects of PEEP. In ARDS, the percentage of potentially re-
cruitable lungs was extremely variable among patients and
was strongly associated with the response to PEEP. Such
heterogeneity can partially explain why none of the PEEP
clinical trials thus far have improved outcomes in patients
with ARDS. Thus, an effort should be made to identify the
subgroup likely to recruit in response to higher PEEP.
Recently, the recruitment-to-inflation ratio (R/I ratio) has
been developed as a simple bedside technique to identify pa-
tients who have the potential for lung recruitment.*® The R/I
ratio is calculated with expiratory tidal volume measured at
the time of releasing PEEP 15-5cmH,O (or airway opening
pressure, either of which was higher). The difference in ex-
pired tidal volume between high and low PEEP is the sum of
the volume recruited by PEEP and the volume distributed
in the already aerated lung. This ratio indicates the ratio of
compliance of the recruited lung to the compliance of the
already aerated lung. According to previous studies, an R/I
ratio greater than 0.5-0.7 indicates good recruitability.**~*°
Taenaka et al*® examined the recruitability of 43 patients
with coronavirus disease 2019 (COVID-19)-associated ARDS
using the R/I ratio both in supine and in prone positions
and then proposed the optimal ventilatory strategy based on

Ventral

Dorsal

FIGURE 2 Lungregion and pleural pressure. As inflammation increases lung density in ARDS, pleural pressure is greater in more dorsal lung
regions by gravity, causing a large vertical gradient of pleural pressure in a gravitational axis (the closed triangle indicates less pleural pressure in

ventral, more pleural pressure in dorsal). Hence, transpulmonary pressure is lower in more dorsal lung regions (the inverted closed triangle indicates
more transpulmonary pressure in the ventral region and less transpulmonary pressure in the dorsal region). Such a vertical gradient of transpulmonary
pressure causes a heterogeneous distribution of lung aeration. Esophageal pressure is a good surrogate for local pleural pressure in the regions adjacent
to the esophageal balloon where atelectasis usually occurs. Therefore, setting PEEP using expiratory esophageal pressure to prevent dorsal atelectasis
makes sense. To prevent alveolar collapse, PEEP should be titrated for transpulmonary pressure to be greater than or equal to 0. For example, if the
absolute esophageal pressure is 5cmH,0, PEEP needs to be set at 5 cmH,O to make the transpulmonary pressure greater than or equal to 0. ARDS, acute

respiratory distress syndrome; PEEP, positive end-expiratory pressure; PL, transpulmonary pressure; P

»» Pleural pressure.
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recruitability. The median R/I was 0.68, separating a high re-
cruiter and a low recruiter. In high recruiters, high PEEP in
conjunction with the prone position resulted in the highest
oxygenation and lowest amount of lung collapse (measured
as dependent silent space in electrical impedance tomography
[EIT]) without increasing nondependent overinflation (mea-
sured as nondependent silent space in EIT). In low recruiters,
low PEEP in conjunction with the prone position resulted in
better oxygenation, less dependent silent spaces, and less non-
dependent silent spaces (Figure 3). Of note, the R/I ratio was
not altered by changing position in all patients. Thus, the mea-
surement of the R/I ratio at the bedside is quite useful for pre-
dicting the response to PEEP and to maximize the benefits of
higher PEEP and minimize the adverse effects of high PEEP.

Electrical impedance tomography

EIT, which allows visualization of lung ventilation in real
time, has become available at the bedside. EIT data were
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recorded continuously with 32 electrodes placed around the
chest at the level of the fourth and fifth intercostal space.
Reconstructed EIT images represent relative impedance
changes for each pixel (delta Z) compared with a convenient
reference taken at the beginning of data acquisition.*'

EIT is able to estimate the amounts of collapsed tissue
and overdistended tissue by performing decremental PEEP
steps.*” By sequentially measuring the EIT-derived regional
Crs for each pixel, it is possible to quantify the amounts of
tissue that (1) recollapse during the trial, excluding them
from ventilation (pixel compliance decreases during decre-
mental PEEP steps), and (2) are brought back to adequate
ventilation, previously impaired by overdistension (pixel
compliance increases during decremental PEEP steps)."!
The optimal PEEP is then considered as the PEEP where
the amounts of collapsed tissue and overdistended tissue are
compromised (ie, the crossover point between two curves
of lung collapse and overdistension). In a randomized con-
trolled trial conducted on scheduled surgical patients with
body mass index>30 kg/m?, the authors reported that such
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Prediction of response to PEEP using the R/I ratio. Correlation between R/I ratio and (A) “increase” in PaO,/FiO,, (B) “increase” in

respiratory system compliance, (C) “increase” in nondependent silent spaces, (D) “decrease” in dependent silent spaces when applying high PEEP in each
body position. The R/I ratio was measured when releasing PEEP from 15 to 5¢cmH,O in each position. Gray circles and white circles represent values
obtained from the supine position and prone position, respectively. The black short-dot line and long-dot line represent the linear regression in the
supine position and in the prone position. In both positions, the higher the R/T ratio was, the more PaO,/FiO, improved (A), the more respiratory system
compliance improved (B), the less nondependent silent spaces increased (C), and the more dependent silent spaces decreased (D) when applying high
PEEP. FiOZ, fraction of inspired oxygen; PEEP, positive end—expiratory pressure; PaOZ, arterial oxygen pressure; R/I ratio, recruitment-to-inflation ratio.

Reproduced from Taenaka, H. et al. Crit Care 27, 152 (2023).
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FIGURE 4 Distribution of lung aeration and respiratory compliance in experimental injury. Representative electrical impedance tomography
images illustrating DFV and concomitant distribution of overinflation and collapse. Higher PEEP levels shifted DFV to dependent lungs because of
nondependent overinflation. Decreasing PEEP to 12cmH,O achieved homogeneous ventilation, and this was associated with less hyperinflation. Further
decreases in PEEP shifted DFV to nondependent lung as a result of dependent lung collapse. The dashed red line indicates DFV =50%. Note: at PEEP
16cmH,0, Crs is maximum, but the DFV remains in dependent lungs because of (nondependent) overinflation. Crs, respiratory system compliance;

DFYV, dorsal fraction of ventilation; PEEP, positive end-expiratory pressure.

Modified from Yoshida, T., et al. Am J Respir Crit Care Med 200(7): 933-937 (2019).

PEEP derived from EIT reduced the amount of atelectasis
and thus drove pressure.*’

Yoshida et al**** coined the concept of “dorsal fraction
of ventilation (DFV).”. This reflects the distribution of tidal
ventilation along the ventral-dorsal axis, and when the bulk
of the ventilation is at the midpoint (DFV =50%), this rep-
resents homogeneously distributed ventilation. DFV may be
a useful indicator to avoid lung collapse and overdistension
induced by insufficient or excessive PEEP (Figure 4). This is
because PEEP can markedly change the distribution of ven-
tilation as visualized by EIT. If PEEP is insufficient and col-
lapse remains high in the dependent lung, then ventilation
is predominantly nondependent (DFV <50%). Overinflation
in the nondependent lung can be detected by the shift of ven-
tilation to the dependent lung (DFV >50%). The DFV can be
simply obtained from the EIT monitor, not requiring decre-
mental PEEP steps or recruitment maneuvers.

To further reduce mortality in ARDS, we strongly believe
that ventilatory strategies need to be evolved to “individu-
alized” from “one-size fits all” strategies by detecting each
subgroup/phenotype response to specific interventions
(Figure 5).

CONCLUSION

Since the ARMA trial found the benefits of a lung-protective
ventilation strategy in patients with ARDS, many efforts
have been made to identify ventilatory strategies minimizing
ventilator-induced lung injury, but thus far, the majority of
clinical trials regarding supportive care and pharmacological

Personalized medicine

« Individualized Tidal Vol

e Individualized PEEP
® « Esophageal balloon manometry
« Recruitment/Inflation Index
 Electrical Impedance Tomography

* ARDS Phenotyping
* Low Tidal Volume o

. sub ph
« PEEP-Fi0, Table = yPe

Standard medicine
(one size fits all)

FIGURE 5 Personalized medicine implemented in lung-protective
ventilation strategy. To protect the nondependent “baby” lung, the
clinician targets and limits global parameters such as tidal volume and
plateau pressure because the ARMA trial found benefits of a lung-
protective ventilation strategy in ARDS. ARDS is a biologically and
physiologically heterogeneous syndrome but not a disease with a single
mechanism that is responsive to singular intervention. To further
decrease mortality in ARDS, ventilatory strategies need to be tailored by
detecting each subgroup's response to specific interventions. Currently,
ventilatory strategies based on driving pressure or individualized PEEP
are good candidates for personalized medicine in ARDS. ARDS, acute
respiratory distress syndrome; PEEP, positive end-expiratory pressure.

interventions have failed to improve outcomes. This is prob-
ably because heterogeneous groups of patients from bio-
logical, physiological, or morphological points of view are
included as a single clinical entity of ARDS. Thus, ventila-
tory strategies should be tailored by identifying subgroups
likely to respond to specific interventions.

85UB017 SUOWIWIOD 3A 11D 8|qedldde 8Ly Ag pausenob a1 s3ole O ‘8sn J0 Sa|nJ 10} ArIq1T 8UIIUO AB|IM UO (SUOHPUOD-PUR-SWRILID A8 | 1M ARe.q) 1 BU1|UO//SONY) SUORIPUOD Pue SWB L 38U 89S *[202/T0/20] Uo Ariqi auljuo As|im ‘ueder aUeI400D A 8T6'ZSLR/Z00T OT/I0P/W0D" A3 1M AeIq 1 U UO//SARY W14 papeo|umoq ‘T ‘¥20 ‘21882502



LUNG-PROTECTIVE VENTILATION STRATEGIES IN ARDS

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
No data are available.

ETHICS STATEMENT

Approval of the research protocol: Not applicable.
Informed consent: N/A.

Registry and the registration no. of the study/trial: N/A.
Animal studies: N/A.

ORCID

Takeshi Yoshida

https://orcid.org/0000-0002-4695-5377

REFERENCES

1.

10.

11.

12.

13.

14.

15.

Gattinoni L, Pesenti A. The concept of "baby lung". Intensive Care
Med. 2005;31:776-84.

Bellani G, Messa C, Guerra L, Spagnolli E, Foti G, Patroniti N,
et al. Lungs of patients with acute respiratory distress syn-
drome show diffuse inflammation in normally aerated regions:
a [18F]-fluoro-2-deoxy-D-glucose PET/CT study. Crit Care Med.
2009;37:2216-22.

Borges JB, Costa EL, Suarez-Sipmann F, Widstrom C, Larsson A,
Amato M, et al. Early inflammation mainly affects normally and
poorly aerated lung in experimental ventilator-induced lung injury*.
Crit Care Med. 2014;42:e279-87.

Gattinoni L, Marini JJ, Pesenti A, Quintel M, Mancebo J, Brochard L.
The "babylung" became an adult. Intensive Care Med. 2016;42:663-73.
Ventilation with lower tidal volumes as compared with traditional
tidal volumes for acute lung injury and the acute respiratory distress
syndrome. The acute respiratory distress syndrome network. N Engl
J Med. 2000;342:1301-8.

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

Bellani G, Laffey JG, Pham T, Fan E, Brochard L, Esteban A, et al.
Epidemiology, patterns of care, and mortality for patients with acute
respiratory distress syndrome in intensive care units in 50 countries.
JAMA. 2016;315:788-800.

Rubenfeld GD, Caldwell E, Peabody E, Weaver ], Martin DP, Neff
M, et al. Incidence and outcomes of acute lung injury. N Engl ] Med.
2005;353:1685-93.

Matthay MA, McAuley DF, Ware LB. Clinical trials in acute respira-
tory distress syndrome: challenges and opportunities. Lancet Respir
Med. 2017;5:524-34.

Papazian L, Forel JM, Gacouin A, Penot-Ragon C, Perrin G, Loundou
A, et al. Neuromuscular blockers in early acute respiratory distress
syndrome. N Engl ] Med. 2010;363:1107-16.

Yoshida T, Fujino Y, Amato MB, Kavanagh BP. Fifty years of research
in ARDS. Spontaneous breathing during mechanical ventilation.
Risks, mechanisms, and management. Am ] Respir Crit Care Med.
2017;195:985-92.

Moss M, Huang DT, Brower RG, Ferguson ND, Ginde AA, Gong MN,
et al. Early neuromuscular blockade in the acute respiratory distress
syndrome. N Engl ] Med. 2019;380:1997-2008.

Borges JB, Morais CCA, Costa ELV. High PEEP may have reduced in-
jurious transpulmonary pressure swings in the ROSE trial. Crit Care.
2019;23:404.

Guerin C, Reignier J, Richard JC, Beuret P, Gacouin A, Boulain T,
etal. Prone positioning in severe acute respiratory distress syndrome.
N Engl ] Med. 2013;368:2159-68.

Katira BH, Osada K, Engelberts D, Bastia L, Damiani LF, Li X, et al.
Positive end-expiratory pressure, pleural pressure, and regional com-
pliance during pronation: an experimental study. Am J Respir Crit
Care Med. 2021;203:1266-74.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

ACUTE MEDICINE 7 of 8
& SURGERY WILEY

Bos LD, Martin-Loeches I, Schultz MJ. ARDS: challenges in patient
care and frontiers in research. Eur Respir Rev. 2018;27:170107.

Villar J, Ferrando C, Martinez D, Ambrds A, Muifoz T, Soler JA,
et al. Dexamethasone treatment for the acute respiratory distress
syndrome: a multicentre, randomised controlled trial. Lancet Respir
Med. 2020;8:267-76.

Laffey JG, Kavanagh BP. Negative trials in critical care: why most re-
search is probably wrong. Lancet Respir Med. 2018;6:659-60.
Gattinoni L, Tognoni G, Pesenti A, Taccone P, Mascheroni D, Labarta
V, et al. Effect of prone positioning on the survival of patients with
acute respiratory failure. N Engl ] Med. 2001;345:568-73.

Guerin C, Gaillard S, Lemasson S, Ayzac L, Girard R, Beuret
P, et al. Effects of systematic prone positioning in hypoxemic
acute respiratory failure: a randomized controlled trial. JAMA.
2004;292:2379-87.

. Mancebo ], Fernandez R, Blanch L, Rialp G, Gordo F, Ferrer M,

et al. A multicenter trial of prolonged prone ventilation in severe
acute respiratory distress syndrome. Am ] Respir Crit Care Med.
2006;173:1233-9.

Taccone P, Pesenti A, Latini R, Polli F, Vagginelli F, Mietto C, et al.
Prone positioning in patients with moderate and severe acute re-
spiratory distress syndrome: a randomized controlled trial. JAMA.
2009;302:1977-84.

Gattinoni L, Carlesso E, Taccone P, Polli F, Guérin C, Mancebo
J. Prone positioning improves survival in severe ARDS: a patho-
physiologic review and individual patient meta-analysis. Minerva
Anestesiol. 2010;76:448-54.

Sinha P, Churpek MM, Calfee CS. Machine learning classifier mod-
els can identify acute respiratory distress syndrome phenotypes
using readily available clinical data. Am ] Respir Crit Care Med.
2020;202:996-1004.

Calfee CS, Delucchi K, Parsons PE, Thompson BT, Ware LB, Matthay
MA. Subphenotypes in acute respiratory distress syndrome: latent
class analysis of data from two randomised controlled trials. Lancet
Respir Med. 2014;2:611-20.

Famous KR, Delucchi K, Ware LB, Kangelaris KN, Liu KD, Thompson
BT, etal. Acute respiratory distress syndrome subphenotypes respond
differently to randomized fluid management strategy. Am J Respir
Crit Care Med. 2017;195:331-8.

Calfee CS, Delucchi KL, Sinha P, Matthay MA, Hackett ], Shankar-
Hari M, et al. Acute respiratory distress syndrome subphenotypes
and differential response to simvastatin: secondary analysis of a ran-
domised controlled trial. Lancet Respir Med. 2018;6:691-8.

Amato MB, Meade MO, Slutsky AS, Brochard L, Costa EL, Schoenfeld
DA, et al. Driving pressure and survival in the acute respiratory dis-
tress syndrome. N Engl ] Med. 2015;372:747-55.

Laffey JG, Bellani G, Pham T, Fan E, Madotto F, Bajwa EK, et al.
Potentially modifiable factors contributing to outcome from acute
respiratory distress syndrome: the LUNG SAFE study. Intensive Care
Med. 2016;42:1865-76.

Chen L, Grieco DL, Beloncle F, Chen GQ, Tiribelli N, Madotto F, et al.
Partition of respiratory mechanics in patients with acute respiratory
distress syndrome and association with outcome: a multicentre clini-
cal study. Intensive Care Med. 2022;48:888-98.

Briel M, Meade M, Mercat A, Brower RG, Talmor D, Walter SD, et al.
Higher vs lower positive end-expiratory pressure in patients with
acute lung injury and acute respiratory distress syndrome: systematic
review and meta-analysis. JAMA. 2010;303:865-73.

Gattinoni L, Caironi P, Cressoni M, Chiumello D, Ranieri VM,
Quintel M, et al. Lung recruitment in patients with the acute respira-
tory distress syndrome. N Engl ] Med. 2006;354:1775-86.

Mauri T, Yoshida T, Bellani G, Goligher EC, Carteaux G, Rittayamai
N, et al. Esophageal and transpulmonary pressure in the clinical
setting: meaning, usefulness and perspectives. Intensive Care Med.
2016;42:1360-73.

Yoshida T, Amato MBP, Grieco DL, Chen L, Lima CAS, Roldan R,
et al. Esophageal Manometry and regional Transpulmonary pressure
in lung injury. Am J Respir Crit Care Med. 2018;197:1018-26.

85U8017 SUOWILIOD BAITeR1D) 3dedldde au Aq peusenab a8 Ssiie YO ‘88N JO Sa|NJ 10} Areuq18UIUQ A8]I/M UO (SUOIPUOD-PUR-SWLSI W0 A 1M ARe.d pul|uo//SdnL) SUORIpUOD pue sWie | 81 88S [7202/T0/20] Uo Areiqiauljuo A3|1m ‘Ueder aUeIyo00 AQ 8T6'ZSWe/Z00T OT/10p/w0d A8 |im Atiq pul|uo//sdny wouy pepeojumod ‘T ‘#20Z ‘L1882502


https://orcid.org/0000-0002-4695-5377
https://orcid.org/0000-0002-4695-5377

8of8 ACUTE MEDICINE
—I—WI LEY-

35.

36.

37.

38.
39.
40.

41.

HOSHINO and YOSHIDA

& SURGERY
Talmor D, Sarge T, Malhotra A, O'Donnell CR, Ritz R, Lisbon A, et al.
Mechanical ventilation guided by esophageal pressure in acute lung
injury. N Engl ] Med. 2008;359:2095-104.
Beitler JR, Sarge T, Banner-Goodspeed VM, Gong MN, Cook D,
Novack V, et al. Effect of titrating positive end-expiratory pressure
(PEEP) with an esophageal pressure-guided strategy vs an empirical
high PEEP-Fio2 strategy on death and days free from mechanical ven-
tilation among patients with acute respiratory distress syndrome: a
randomized clinical trial. JAMA. 2019;321:846.
Sarge T, Baedorf-Kassis E, Banner-Goodspeed V, Novack V, Loring
SH, Gong MN, et al. Effect of esophageal pressure-guided positive
end-expiratory pressure on survival from acute respiratory distress
syndrome: a risk-based and mechanistic reanalysis of the EPVent-2
trial. Am J Respir Crit Care Med. 2021;204:1153-63.
Chen L, Del Sorbo L, Grieco DL, Junhasavasdikul D, Rittayamai
N, Soliman I, et al. Potential for lung recruitment estimated by the
recruitment-to-inflation ratio in acute respiratory distress syndrome.
A clinical trial. Am J Respir Crit Care Med. 2020;201:178-87.
Zerbib Y, Lambour A, Maizel ], Kontar L, De Cagny B, Soupison T,
et al. Respiratory effects of lung recruitment maneuvers depend on
the recruitment-to-inflation ratio in patients with COVID-19-related
acute respiratory distress syndrome. Crit Care. 2022;26:12.
Taenaka H, Yoshida T, Hashimoto H, Firstiogusran AMF, Ishigaki S,
Iwata H, et al. Personalized ventilatory strategy based on lung recrui-
tablity in COVID-19-associated acute respiratory distress syndrome:
a prospective clinical study. Crit Care. 2023;27:152.
Frerichs I, Amato MB, van Kaam AH, Tingay DG, Zhao Z, Grychtol
B, et al. Chest electrical impedance tomography examination, data

42.

43.

44.

45.

analysis, terminology, clinical use and recommendations: consen-
sus statement of the TRanslational EIT developmeNt stuDy group.
Thorax. 2017;72:83-93.

Costa LOP, Maher CG, Latimer J, Smeets RJEM. Reproducibility of
rehabilitative ultrasound imaging for the measurement of abdominal
muscle activity: a systematic review. Phys Ther. 2009;89:756-69.
Pereira SM, Tucci MR, Morais CCA, Simoes CM, Tonelotto BFF,
Pompeo MS, et al. Individual positive end-expiratory pressure set-
tings optimize intraoperative mechanical ventilation and reduce
postoperative atelectasis. Anesthesiology. 2018;129:1070-81.

Yoshida T, Piraino T, Lima CAS, Kavanagh BP, Amato MBP, Brochard
L. Regional ventilation displayed by electrical impedance tomogra-
phy as an incentive to decrease positive end-expiratory pressure. Am
J Respir Crit Care Med. 2019;200:933-7.

Brochard L, Yoshida T, Amato M. Reply to Frerichs et al.: simple elec-
trical impedance tomography measures for the assessment of ventila-
tion distribution. Am J Respir Crit Care Med. 2020;201:388.

How to cite this article: Hoshino T, Yoshida T. Future
directions of lung-protective ventilation strategies in
acute respiratory distress syndrome. Acute Med Surg.

2024;11:e918. https://doi.org/10.1002/ams2.918

85U8017 SUOWILIOD BAITeR1D) 3dedldde au Aq peusenab a8 Ssiie YO ‘88N JO Sa|NJ 10} Areuq18UIUQ A8]I/M UO (SUOIPUOD-PUR-SWLSI W0 A 1M ARe.d pul|uo//SdnL) SUORIpUOD pue sWie | 81 88S [7202/T0/20] Uo Areiqiauljuo A3|1m ‘Ueder aUeIyo00 AQ 8T6'ZSWe/Z00T OT/10p/w0d A8 |im Atiq pul|uo//sdny wouy pepeojumod ‘T ‘#20Z ‘L1882502


https://doi.org/10.1002/ams2.918

	Future directions of lung-­protective ventilation strategies in acute respiratory distress syndrome
	Abstract
	VENTILATOR-­INDUCED LUNG INJURY AND LUNG-­PROTECTIVE VENTILATION STRATEGY
	MANY TRIALS FAILED TO SHOW BENEFITS IN ARDS
	PERSONALIZED VENTILATORY STRATEGY FOR ARDS
	Individualizing tidal volume
	Individualizing PEEP
	Esophageal balloon manometry
	Recruitability
	Electrical impedance tomography


	CONCLUSION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ETHICS STATEMENT
	REFERENCES


