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Abstract

Ventilatory management of acute respiratory distress syndrome (ARDS) requires a careful balance between
achieving adequate gas exchange and minimizing ventilator-induced lung injury (VILI). Recent advances in bedside
monitoring of respiratory mechanics have created new opportunities to individualize mechanical ventilation by
aligning ventilator settings with the patient's dynamic pathophysiology. This review synthesizes current evidence
on key respiratory mechanics parameters - such as driving pressure, respiratory system compliance, airway
resistance, mechanical power - and examines how they can guide titration of tidal volume, positive end-expiratory
pressure (PEEP), and respiratory rate. By integrating real-time assessments of respiratory mechanics, clinicians can
reduce stress and strain, limit alveolar overdistension and collapse, and optimize oxygenation and ventilation.
Moreover, practical strategies are discussed for implementing physiology-guided ventilation in the intensive care
unit, with attention to patient-specific characteristics and the heterogeneity of ARDS subphenotypes. Respiratory
mechanics-guided ventilation represents a pragmatic, individualized strategy that enhances lung protection,
complements established protocols and may contribute to improve survival. Further experimental and clinical
studies are required to validate these approaches and translate them into precision medicine for ARDS.

Keywords Mechanical power, Driving pressure, Personalized mechanical ventilation, Subphenotypes

TPatricia R.M. Rocco and Lise Piquilloud are co-last authors who
contributed equally to the writing of the manuscript.

*Correspondence:

Davide Chiumello

davide.chiumello@unimi.it

'SC Anestesia e Rianimazione, ASST Santi Paolo e Carlo, Via Di Rudini,
Milan, Italy

Department of Health Sciences, University of Milan, Milan, Italy
3Coordinated Research Center on Respiratory Failure, University of Milan,
Milan, Italy

“Laboratory of Pulmonary Investigation, Carlos Chagas Filho Institute of
Biophysics, Federal University of Rio de Janeiro, Rio de Janeiro, Brazil
SAdult Intensive Care Unit, University Hospital and University of Lausanne,
Lausanne, Switzerland

Department of Anesthesiology and Intensive Care Medicine, Catholic
University of the Sacred Heart, and Anesthesia, Emergency and Intensive
Care Medicine, Fondazione Policlinico Universitario A. Gemelli IRCCS,
Rome, Italy

Background

Acute respiratory distress syndrome (ARDS) is frequent
in critically ill patients. When the Berlin definition is sys-
tematically applied, ARDS is identified in approximately
10% of all intensive care unit (ICU) admissions and in up
to 23% of patients requiring invasive mechanical ventila-
tion [1-3]. Severity is classified according to the PaO,/
FiO, ratio, which provides prognostic value, is used for
clinical decisions such as prone positioning or extra-
corporeal support, and standardizes patient selection in
research. In 2024, a new global definition was proposed
as an update to the Berlin definition, expanding diagnos-
tic criteria to include non-intubated patients supported
with continuous positive airway pressure, non-invasive
ventilation, or high-flow nasal oxygen (>40 L/min). It also
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allows the use of SpO,/FiO, < 315 (when SpO, < 97%) as a
surrogate for PaO,/FiO,, it incorporates lung ultrasound
alongside chest radiography or CT, and it introduces flex-
ibility for resource-limited settings [4]. These refinements
aim to facilitate earlier diagnosis and broaden applicabil-
ity across diverse healthcare systems. Nonetheless, both
the Berlin and global definitions remain “static’; relying
on a single oxygenation measurement despite substantial
fluctuations that may occur within 24—48 h of mechani-
cal ventilation [5, 6]. Recently, Bai et al.. identified three
longitudinal oxygenation subgroups of ARDS (persis-
tently low, gradually increasing and rapidly improving),
which were more predictive of response to positive end-
expiratory pressure (PEEP) and prognosis than the sub-
groups defined by a unique static PaO,/FiO, ratio in the
Berlin definition [7].

Since ARDS was first described in 1967 [8], the intro-
duction of lung-protective ventilation - low tidal vol-
umes (VT), limitation of alveolar pressures to reduce
stress and strain and adequate PEEP to prevent collapse
- has improved outcomes. Yet, mortality remains high,
reaching 46% in severe cases (PaO,/FiO, < 100 mmHg)
[9]. Moreover, survivors often suffer long-term physi-
cal, cognitive, and psychological sequelae [10-12]. This
highlights the potential limitations of the “one-size-fits-
all” approach to treat ARDS patients. As an alternative,
personalizing mechanical ventilation through real-time
assessments of respiratory mechanics that integrate
pathophysiological insights and identify patient-specific
risks of overdistension or derecruitment may enable cli-
nicians to optimize gas exchange while minimizing ven-
tilator-induced lung injury (VILI). This could improve
outcome. In addition, taking the ARDS phenotypes
into account when setting the ventilator — particularly
whether the patient has a hyper- or hypo-inflammatory
phenotype — might also improve outcomes, even though
these can change over time.

This review outlines the pathophysiological basis of
ARDS, describes bedside assessments of respiratory
mechanics, and explores how these parameters can guide
ventilatory management, providing a physiology-based
framework to advance personalized care. We also illus-
trate in this review how individualized settings based
on respiratory mechanics go beyond a “one-size-fits-all”
approach and really allows personalizing treatment.

ARDS pathophysiology and the “Baby Lung”
concept

ARDS represents a stereotyped response to diverse pul-
monary or systemic insults, evolving through overlap-
ping exudative and proliferative phases [13]. The initial
injury may be direct (e.g., pneumonia, aspiration) or
indirect (e.g., sepsis, trauma), triggering dysregulated
inflammation, disruption of the alveolar-capillary barrier,
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epithelial and endothelial injury, and extracellular matrix
degradation. These processes result in increased vascu-
lar permeability, impaired alveolar fluid clearance, and
accumulation of protein-rich edema fluid within alveoli
[14-16], yielding non-cardiogenic pulmonary edema and
severe impairment of gas exchange.

A defining feature of ARDS is the spatial heterogene-
ity of lung involvement. Consolidated and non-aerated
regions coexist with relatively preserved areas, giving
rise to the concept of the “baby lung” - the portion of
aerated, compliant lung available for ventilation [17, 18].
The inflammatory exudate increases lung weight and
generates a gravitational gradient of superimposed pres-
sure, compressing dependent regions and further reduc-
ing functional lung volume. Consequently, the “baby
lung” is not a fixed structure but varies with body posi-
tion and mechanical forces, and the ARDS lung has been
described as a “mechanical sponge,” deformable under
ventilation and gravity [19-21].

The anatomical and mechanical alterations observed in
ARDS reduce respiratory system compliance (Crs), which
is closely related to the volume of aerated lung, meaning
to the “baby lung” [18, 21]. Notably, the intrinsic compli-
ance of the aerated lung regions often remains near nor-
mal, indicating that the predominant limitation in ARDS
is reduced functional lung size rather than increased tis-
sue stiffness. This distinction is crucial for ventilatory
management: protective strategies must be tailored to
the limited and vulnerable “baby lung” in order to mini-
mize VILI while maintaining adequate gas exchange.

Core respiratory mechanics, including definitions
According to the equation of motion of the respiratory
system, in passive patients, the pressure delivered by the
ventilator must overcome both resistive forces and the
elastic recoil of the lung and chest wall to achieve lung
inflation (Table 1).

Airway resistance

In mechanically ventilated patients, total airway resis-
tance (Raw) reflects the combined resistance of the endo-
tracheal tube, conducting airways, and lung tissue [22].
During volume-controlled ventilation with a constant
(square) inspiratory flow, mean Raw can be estimated
using the equation:

(Peak airway pressure — Plateau airway pressure)

Raw (mean) =
( ) Inspiratory flow

In clinical practice, Raw (mean) in intubated adults typi-
cally ranges from 5 to 10 cmH,O/L/s. Increases in Raw -
due to bronchospasm, airway secretions, or endotracheal
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tube obstruction - raise peak airway pressure (Ppeak)
during volume-controlled ventilation, while plateau air-
way pressure (Pplat) remains unchanged, assuming the
absence of intrinsic PEEP. During pressure-controlled
ventilation, increases in Raw is associated with decreased
inspiratory flow and lower VT.

Compliance and elastance

Respiratory system elastance (Ers) quantifies the stiffness
of the respiratory system and is defined as the change in
transmural pressure per unit volume (Ers = AP/AV). In
practice, AP, in the absence of airway closure, equals pla-
teau pressure (Pplat) measured during an end-inspiratory
occlusion in the absence of flow -that corresponds to the
alveolar pressure at the end of VT insufflation- minus
total PEEP measured during an end-expiratory occlu-
sion ((Ers = (Pplat — total PEEP) / VT). In ARDS, Ers is
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typically elevated due to alveolar collapse, “baby lung’,
and interstitial oedema [19, 20].

Respiratory system compliance (Crs = AV/AP)the
reciprocal of Ers, reflects distensibility [23, 24]. Under
static conditions (i.e., zero flow), Crs is measured using
end-inspiratory and end-expiratory occlusion maneuvers
[23]:

VT
(Pplat — PEEPtot)

Crs =

where: VT is tidal volume; Pplat is plateau airway pres-
sure measured at end-inspiration during an end-inspira-
tory occlusion, and PEEPtot is the total end-expiratory
airway pressure (including both extrinsic and intrinsic
PEEP). Measurement steps are illustrated in Fig. 1 (left
panel).

e N [ N
Respiratory system compliance and R/l ratio assessment
AP measurement
\ AN J
- N (O N\ ~N
. . | Detect an airway opening pressure (AOP) with a
1 End expiratory occlusion = total PEEP low flow inflation
o | J Ry \_ J
% r N = ( Select high and low PEEP (i.e 15 and 5 cmH,O if )
L . . N

2 1 E?:S;nusrzlratory occllision = Plateau ] no airway closure at 5 cmH,0 or AOP +10 and
S P J L J \_AOP if an AOP is present) )
N

. . 4
(" Compute Static compliance or the Set the ventilator with VT 6 mUkg and high PEEP +
respiratory sytsem (Crs) 1] reduce RR to 8/min, wait for equilibrium (about
30 seconds). Record expired VT.

Crs=VT/ (Pplateau — PEEP tot) \ J
e N

e
\with A P = Pplat - PEEP tot / IV Reduce PEEP to low PEEP and record the first
exhaled VT
——
@ ) N J
R e —( N
ol Vv Mesure Crs at low PEEP

PPlateau

» P‘E:‘P L sy L )
ap=
o 4 l s PR _

-

Compute the decrecruited volume = first exhaled
Vi Volume - VT at high PEEP - (Crs low PEEP x (high
\PEEP- low PEEP))

Flow (L/min)

. J
c a1 __ 7/ : : ——
I/! Compute R/l ratio = Compliance of the recruited
“ =L . Vil lung / compliance at low PEEP = (derecruited
&) vi/piateau-PEEPtoY) - ) \volume/high PEEP-lowPEEP) / Crs at low PEEP )

Fig. 1 lllustration of the steps needed to assess driving pressure, respiratory system compliance (Crs) and recruitment over inflation ratio (R/I ratio). AP:
driving pressure, PEEP: positive end-expiratory pressure, VT: tidal volume, Pplat: plateau pressure. AOP: airway opening pressure. RR: respiratory rate. To
measure AOP, a low flow inflation (10 L/sec max) at low respiratory rate is needed. This can easily be done by adapting the ventilator settings in volume
assist control. The AOP is present when a change in the slope of the airway pressure time curve is observed during the low flow inflation. The value of the
AOP corresponds to the amount of pressure at the point of the change in the slope of the curve. If no AOP is present, the typical PEEP values to assess
the R/l ratio are 5 and 15 cmH, 0. In presence of an AOP, the low PEEP value to assess the R/l ratio should be equal to the AOP. The high PEEP value is thus
ideally AOP + 10 cmH,O except if the resultant PEEP. is really too high for a given patient. In this specific situation, select a high PEEP lower that AOP + 10
according to the patient tolerance. The steps required to assess the R/I ratio are detailed in the right panel. Reference for R/l ratio measurement. Chen et
al. Potential for Lung Recruitment Estimated by the Recruitment-ti-Inflation ratio in Acute Respiratory Distress Syndrome. A clinical trial. Am J Respir Crit
Care Med. 2020 15:201 [2]:178-187. Online calculator: https://rtmaven.com/ri-ratio
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In healthy, spontaneously breathing individuals, Crs
typically ranges from 100 to 200 mL/cmH,O. In intu-
bated patients, Crs decreases to 50-80 mL/cmH,O
mainly due to reductions in functional residual capacity,
but also to dynamic external pressures, such as elevated
intra-abdominal pressure, pleural effusions, or chest
wall edema. To note, constant loads like obesity primar-
ily shift the pressure—volume curve without necessarily
reducing compliance [7].

An approximate prediction of normal Crs in intubated
patients based on vital capacity (VC) is 1.6% of VC [25],
where VC estimated using sex-specific formulas:

F o r

VC(mL) =
(5].%6 x height [m] —0.026 X age [years] — 4.34) x 1000

For women:

VC (mL) =
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Partitioning lung and chest wall mechanics

To separate lung and chest wall contributions to total
respiratory system elastance and compliance, esophageal
pressure (Pes) can be measured using a catheter with an
esophageal balloon positioned in the distal esophagus
[34—37]. This allows the direct calculation of transpulmo-
nary pressure (PL) at end-inspiration (ei):

PL ei = Pplat — Pes ei

and at end-expiration (ee): PL ee = PEEPtot — Pesee
Lung (CL) and chest wall (Ccw) compliance can then
be calculated as:

vT

I =
¢ (Pplat — Pes ei ) — (PEEPtot — Pes ee)

vT
Peseii — Pesece

Cew =

(4.43 x height [m] —0.026 x age [years] — 2.89) x 1000where Pes_ee is the esophageal (i.e., surrogate of pleural)

Driving pressure (DP) is defined as the difference
between Pplat and PEEPtot [26].

A P = Pplat — PEEPtot
Based on the Crs equation, A P can also be written as:

T
A P = Pplat — PEEPtot = VT
Crs

DP reflects the distending force applied to the “baby lung”
and is a key determinant of VILI [26, 27]. A reduction in
AP following PEEP increase may indicate successful lung
recruitment. In addition, targeting AP < 15 cmH,0O—ide-
ally lower—has been associated with improved survival
in ARDS [28-30]. Notably, higher AP increases lung
stress even when tidal volume (VT) and PEEP are within
conventional limits [31]. Current guidelines recommend
VT of 4-8 mL/kg predicted body weight in ARDS [32,
33]. However, heterogeneity is the norm in ARDS, which
clearly challenges the idea of using a similar VT for all the
patients. Heterogeneity encopasses not only the size of
the “baby lung” but also the influence of patient sex and
ethnicity on normal lung volume. Ongoing research aims
to determine whether AP can serve not only as a physi-
ologically relevant prognostic marker but also as a mean
of guiding individualized VT adjustments according to
the “baby lung” and the individual patient characteristics
in order to optimize ventilation, limit the lung-distending
pressure and reduce mortality.

pressure at end-expiration.
Similarly, ERS can be partitioned in 1 chest wall elas-
tance (ECW) and lung elastance (EL)

Peseii— Pesee

E =
cw VT

_ (Pplat — Pesei ) — (PEEPtot — P es ee)

EL
vT

or

EL=FERS - ECW

Partitioned values are particularly relevant in con-
ditions affecting chest wall mechanics, such as intra-
abdominal hypertension or chest wall edema, where
airway pressures may not accurately reflect true lung-dis-
tending pressures.

It should be noted that direct measurement of PL at
end-inspiration as described above does not account for
vertical pleural pressure gradients in the supine patient,
with higher pressures in dorsal (dependent) and lower in
ventral (non-dependent) lung regions [38] due to super-
imposed pressure. In fact, the direct method reflects PL
in the region surrounding the esophagus, which cor-
responds to the dependent lung region [39]. Another
approach, the elastance-derived method, estimates PL
without relying on absolute Pes values:

E
PL,ei = Pplat x —=
Egs
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This approach better represents PL in non-dependent
lung regions [39], which are more prone to overdisten-
sion. However, it assumes pleural pressure is zero at func-
tional residual capacity, which is not always accurate. PL
can be used to set PEEP as described elsewhere [35, 36].

Mechanical power
Mechanical power (MP) quantifies the energy trans-
ferred from the ventilator to the respiratory system per
unit time, incorporating both static (elastic) and dynamic
(resistive and inertial) components of ventilation [40, 41].
MP integrates VT, airflow, respiratory rate (RR), PEEP,
and respiratory system mechanics, with its calculation
dependent on the mode of mechanical ventilation.
Because complete calculation at the bedside is often
impractical, simplified equations have been proposed for
clinical use [42] :
Volume-controlled ventilation:

MP =0.098 x RRx VT x [(PPeak —0.5x (AP)]

Pressure-controlled ventilation:

MP =0.098 x RRx VT x (PEEP + AP)

Recent studies have shown that a simplified surrogate for
MP proposed by Costa et al. and calculated as (4 x AP) +
RR, provides predictive performance comparable to full
mechanical power calculations in ARDS patients. Using
this approach, ventilatory strategies can be individual-
ized: patients with low CRS may have improved outcome
by lowering AP through VT adjustment as this will have
a major impact on reducing MP, whereas patients with
higher CRS may not derive the same benefit [43].

To note, a universally accepted MP threshold for VILI
remains undefined. Observational studies report vary-
ing cut-offs: MP >12 J/min after 24 h in ARDS increased
90-day mortality [44], MP >17 J/min was associated with
higher hospital length-of-stay and mortality [45], and MP
>22 J/min correlated with fewer ventilator-free days and
higher 28-day and 3-year mortality [46]. Therefore, no
single MP limit can yet be recommended clinically [47,
48].

Respiratory mechanics as a target for ventilator setting
personalization

Ers reflects the mechanical load on the lungs and is a
major determinant of stress and strain. The mortal-
ity benefit of low-VT strategies is most pronounced in
patients with high Ers, where reduction of VT limits
injurious overdistension [49]. In those with lower Ers,
excessively low VT may not confer added protection and
could impair gas exchange. This principle is reinforced by
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secondary analyses of randomized trials, which demon-
strated that the benefit of neuromuscular blockade was
confined to patients with high Ers. Notably, this inter-
action was absent for other physiologic or biomarker
variables, suggesting that Ers is a particularly robust and
actionable parameter to guide ventilation and sedation
strategies [50].

Practical applications of the respiratory mechanics
concepts

Using Crs and DP to assess the “baby lung” and personalize
vT

Gattinoni and colleagues demonstrated that Crs reflects
the functional size of the “baby lung” in ARDS [18, 21].
Lower Crs indicates a smaller “baby lung’, which is more
vulnerable to overdistension and VILI. Because AP is
defined as VT/Crs, limiting AP at a fixed PEEP level
inherently adjusts VT to the “baby lung” This physiology-
based approach minimizes stress and strain and could
help preventing mechanical injury.

Using respiratory mechanics concepts to assess lung
recruitability and optimize PEEP setting

Optimizing PEEP requires evaluating lung recruitabil-
ity. While higher PEEP can reopen collapsed alveoli and
expand the “baby lung,” it may also promote overdisten-
sion, increase dead space, and impair hemodynamics,
particularly in patients with low recruitability [51, 52].
Notably, in the seminal work of Gattinoni et al. on lung
recruitability in ARDS, recruitable patients, defined as
those who gained at least 9% of aerated lung volume at
a higher pressure, represented only around half of the
patients [52].

Although CT imaging across PEEP levels remains the
gold standard to assess recruitability, it is rarely feasible
at the bedside. An alternative approach is the analysis of
the pressure—volume curves between two PEEP levels
combined with respiratory mechanics measurements,
which allows quantifying changes in lung volume. This
method partitions the observed volume change (AVtot)
into:

1) Predicted DEELV-PEEP due to PEEP increase only
(volume increase expected solely from the applied
PEEP increment, without recruitment).

Predicted A EELV — PEEP = APEEP x Crsatlow PEEP

2) DVrecruit (volume increase due to recruitment)

A Vrecruit =
A Vtot — predicted A EELVPEEP
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N ~N
R Measure static respiratory system compliance to
Set initial VT at 6 m/kg PBW ] + [ estimate the size of the baby lung
J (.
INITIAL
SETTINGS N
Titrate PEEP to obtain the highest respiratory system compliance
J U
RECRUITABILIY [ [ )
3 Assess lung recruitability (ie with recruitment Inflation /ratio, EIT or CTscan
ASSESSMENT | ~ | [ g Y ( ) |
SETTINGS ( ) If the lungs are assessed as not if the lungs are recruitable set a higher A
ADAPTATION 4 recruitable set a lower PEEP (i.e 8 PEEP, targeting either Pplat 28 cmH,0 or
— | cmH,0) best compliance )
— ( N
MULTIMODAL 5 Perform a multimodal assessment of the set PEEP level to check the effect of the set
ASSESSMENT PEEP on oxygenation, PaCO, , ventilatory ratio and hemodynamics.
N/ _ )
( s
[ 6 ] Check the AP and consider further decreasing VT if A P is > 14 cmH,0.
SETTINGS =
ADAPTATION s . - - - - - N
Adapt RR to optimize minute ventilation while keeping mechanical power as low as
possible, (even if that entails permissive hypercapnia in the absence of
contraindications: right ventricular failure, intracranial hypertension)

Fig. 2 lllustration of the stepwise approach to optimize the ventilator settings based on respiratory mechanics. VT: tidal volume. PBW: predicted body
weight, PEEP: positive end-expiratory pressure, PV curves: pressure volume curves, AP: driving pressure, RR: respiratory rate, CT computed tomography

. where A Vtot is the total change in volume between
the two levels of PEEP.

Although physiologically informative, this technique
is rarely used in routine practice because of its technical
complexity [53].

Based on the same principles, the Recruitment-to-
Inflation Ratio (R/I) has been proposed by Chen et al.
as a simpler bedside index of recruitability. It requires,
in the absence of dynamic airtrapping (which requires
to decrease respiratory rate to be assessed), only a rapid
reduction in PEEP within a clinically appropriate range
(e.g., from 15 to 5 cmH,O if no airway closure is pres-
ent at 5 cmH,0, or from airway opening pressure (AOP)
+ 10 to AOP if an AOP is present) with measurement of
the first exhaled volume after the decrease in PEEP level
and some calculations. The first exhaled volume after
the decrease in PEEP equals the sum of VT, predicted
DEELV-PEEP (computed as previously described as
DPEEP x Crs at low PEEP) and derecruited volume (Vre-
cruit). The derecruited volume—reflecting the amount
previously recruited by higher PEEP—is thus calculated
as:

Vrecruit = first exhaled volume after the decrease in
PEEP minus VT minus predicted DEELV-PEEP.

The R/I ratio is then calculated as the compliance of the
(de)recruited lung (that equals A Vrecruit/deltaPEEP)
divided by the Crs at low PEEP (Fig. 2).

(Derecruited Volume/deltaPEEP)

I =
E/ Crsatlow PEEP

An R/I ratio < 0.3 indicates low recruitability and sug-
gests limited benefit from high PEEP, whereas a ratio
>0.6 suggests substantial recruitability. Intermediate
values (0.3-0.6) should be interpreted cautiously, in the
context of other clinical and physiological data such as
plateau pressure, AP, and hemodynamic status. Impor-
tantly, the R/I ratio should be viewed as a continuous
variable reflecting the trade-off between recruitment and
hyperinflation, and its clinical validation remains limited
[54-56]. In addition, performing the R/I ratio might be
challenging or even risky in the most hypoxemic patients.
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Using respiratory mechanics concepts to set the ventilator
during volume- and pressure-controlled modes

A physiology-guided, stepwise approach can be proposed
to optimize ventilatory settings in deeply sedated or para-
lyzed ARDS patients receiving volume assist-control ven-
tilation. The overarching goal is to achieve adequate gas
exchange while minimizing VILI by tailoring PEEP and
VT to individual lung mechanics. This algorithm (Fig. 2)
is based on strong physiological rationale but has not yet
been validated in randomized prospective trials.

Step 1: estimate “baby lung” and assess VT tolerabil-
ity Initiate ventilation with a VT of 6 mL/kg predicted
body weight (PBW) and measure Crs at a baseline PEEP
of 5 cmH,O to estimate the “baby lung” If available, Pes
monitoring may help with partition lung and chest wall
compliances.

« Normal or near-normal Crs (50-100 mL/cmH,0):
Suggests that much of the lung is already aerated.
In this setting, assess the risk of overdistension and
reduce VT if necessary to maintain AP <14 cmH,O.
+ Low Crs: Indicates a smaller “baby lung” and the
need to evaluate potential recruitment with PEEP
adjustments.

Step 2: if Crs is low, perform initial PEEP Titration to
maximize Crs Incrementally increase PEEP to identify
the lowest level at which Crs is maximized. This might
help finding an initial balance between optimal recruit-
ment and not too much overdistension. However, it only
provides an individualized starting point for further titra-
tion. Indeed, in specific situations, very low PEEP has
been associated with the best compliance likely due to
intra-tidal recruitment [57]. Oppositely, in the ART trial,
the opened lung strategy that focused on recruitment
maneuvers and subsequent Crs-maximization was asso-
ciated with increased mortality [58].

Step 3: assess lung recruitability
Recruitability may be assessed using:

+ CT at different PEEP levels (gold standard).

«  Pressure—volume curves.

Recruitment-to-Inflation (R/I) ratio.

+  Electrical impedance tomography (EIT), when
available [51].

.

These tools distinguish highly recruitable patients
likely to benefit from higher PEEP from those at risk of
overdistension.

Step 4: adjust PEEP based on recruitability
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+  Low recruitability: Favor a lower PEEP
strategy (5—8 cmH,O) to limit overdistension and
hemodynamic compromise.

+  High recruitability: Consider higher PEEP, guided
by either a target Pplat < 28 cmH,O [59] or the PEEP
associated with maximal Crs while limiting AP < 14
c¢cmH,O.

Step 5: reassess gas exchange and hemodynamics Eval-
uate the effects of the chosen PEEP on:

1) gas exchange: PaO,, PaCO,, and ventilatory ratio (as
a surrogate for dead space),

2) hemodynamics: Arterial pressure, echocardiography,
or invasive cardiac output monitoring.

Optimal PEEP should maximize oxygen delivery, not
merely PaO, [60].

Step 6: target driving pressure If AP exceeds 14 cmH,0,
reduce VT if feasible, provided it does not result in severe
hypercapnia or acidosis.

Step 7: calculate and minimize mechanical
power Adjust RR to achieve acceptable minute ventila-
tion while keeping MP—the energy delivered to the lung
per unit time—as low as possible. Permissive hypercapnia
is generally tolerated, but caution is warranted in patients
with right ventricular dysfunction (hypercapnia-induced
pulmonary vasoconstriction) [61] or acute brain injury
(risk of raised intracranial pressure) [62].

The same physiological principles apply to pressure
-control ventilation but it is essential to measure Pplat
during an end-inspiratory occlusion as inspiratory pres-
sure equals plateau pressure only if flow returns to zero
before end-inspiration. Measuring Pplat permits calcula-
tion of AP and Crs, as in volume assist-control.

Using respiratory mechanics concepts to set the ventilator
during assisted breathing

The transition from controlled to assisted ventilation
requires strict attention to limiting stress and strain
to avoid patient self-inflicted lung injury (P-SILI) [63].
Driving pressure and respiratory system compliance can
still be measured in spontaneously breathing patients.
This is done through an end-inspiratory occlusion dur-
ing a patient-triggered breath, which provides Pplat and,
therefore, the total distending pressure of the respiratory
system—reflecting both inspiratory muscle effort and the
positive pressure delivered by the ventilator [64]. Reliable
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Pplat measurements are often feasible during assisted
breathing [64], and high early Pplat has been associated
with poor outcomes [65, 66]. Dynamic transpulmonary
pressure (APLdyn) offers further assessment of the lung
distending pressure. It represents the combined fall in
pleural pressure generated by inspiratory muscles and the
positive pressure above PEEP delivered by the ventilator
[67]. The gold standard for pleural pressure measurement
is an esophageal balloon, but when unavailable, the drop
in airway pressure during an end-expiratory occlusion in
pressure support mode (Pocc) is a practical alternative
[67, 68]. Multiplying Pocc by 0.66 provides a surrogate
of the esophageal pressure swing, allowing calculation
of APLdyn as (APeso during occlusion + pressure sup-
port above PEEP) [68]. This is a dynamic parameter
influenced by airway resistance; a safety threshold of
22 ¢cmH,O has been suggested, although interpretation
must consider conditions that increase resistance (e.g.,
COPD, small endotracheal tube, secretions) [67]. These
physiological assessments inform ventilator optimiza-
tion. If Pplat and/or APLdyn are elevated but inspiratory
muscle pressure (Pmus, estimated as Pocc x 0.75) is low
(5-10 ¢cmH,0), over-assistance is likely, and pressure
support should be reduced. Conversely, if Pmus is high
(>10 cmH,0), under-assistance may be suspected, and a
gradual increase in pressure support is warranted. If this
reduces Pmus while maintaining safe Pplat and APLdyn,
settings are appropriate. Persistently high Pmus despite
increased support may require additional strategies,
including PEEP titration or sedation (propofol, benzodi-
azepines). If these fail, returning to controlled ventilation
should be considered, as excessive drive and effort during
transition have been linked to relapse of acute hypoxemic
respiratory failure. To note, setting the ventilator based
on this monitoring st during assisted breathing has not
been validated in prospective studies.

Other personalization tools: subphenotypes,
imaging and age

ARDS is a pathophysiologically heterogeneous syndrome,
encompassing diverse lung morphologies, respiratory
mechanics, and systemic responses. This heterogeneity
profoundly influences ventilatory management and out-
comes. For example, clinically based phenotypes such as
the severity of hypoxemia are used in practice to guide
treatments for specific subgroups of patients known
to benefit from them. Prone positioning, for instance,
is recommended when PaO,/FiO, is lower than 150
mmHg after ventilator settings have been optimized.
Another example is the need for caution when using
non invasive ventilation as first line respiratory sup-
port in patients with severe hypoxemia, because in these
patients, this strategy has been associated with increased
hospital mortality. Personalized ventilation seeks to align
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treatment with individual patient profiles by integrating
subphenotype classification, lung morphology, respira-
tory mechanics, age, and comorbid conditionsm [69-72].

ARDS subphenotypes: hyperinflammatory vs.
hypoinflammatory

Accumulating evidence supports biologically distinct
ARDS subphenotypes that respond differently to ventila-
tory interventions [57]. The hyperinflammatory pheno-
type is characterized by elevated cytokines, vascular leak,
and multiorgan dysfunction, often with low compliance
and severe hypoxemia. These patients may benefit from
higher PEEP to mitigate atelectrauma and enhance alveo-
lar recruitment [60]. Conversely, the hypoinflammatory
phenotype generally exhibits preserved compliance, less
severe hypoxemia, and stable systemic physiology; in this
setting, aggressive PEEP may promote overdistension
and impair hemodynamics [60].

Most subphenotyping studies rely on cross-sectional
data, limiting their ability to capture ARDS dynamics. A
recent three-class framework integrated physiology, CT
findings, and clinical outcomes has been proposed [61]:

+ Class 1: Minimal organ dysfunction and near-normal
laboratory values.

+ Class 2: Severe respiratory failure, with low PaO,/
FiO,, high AP, MP, and ventilatory ratio.

+ Class 3: Predominantly extrapulmonary involvement
with elevated lactate, renal dysfunction, and
vasopressor needs.

Importantly, many patients transitioned between pheno-
types during the first four days of ventilation, underscor-
ing the need for adaptive monitoring of physiology and
respiratory mechanics.

Imaging-based subphenotyping

Radiological assessment provides an additional dimen-
sion for personalization. In focal ARDS, injury is confined
to dependent lung regions while nondependent areas
remain aerated. These patients are prone to overdisten-
sion with high PEEP and often benefit from lower VT,
moderate PEEP, and avoidance of recruitment maneuvers
[62-64, 73],. In diffuse ARDS, characterized by wide-
spread alveolar collapse and inflammation, higher PEEP,
recruitment maneuvers, and prone positioning are gen-
erally more effective in maintaining alveolar stability and
optimizing ventilation—perfusion matching. Incorporat-
ing CT or EIT into bedside decision-making is therefore
critical to reduce iatrogenic injury [65].

Age: a crucial modifier of ventilatory strategy
Elderly patients (> 80 years)—a growing demographic in
the ICU—present unique challenges due to age-related
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changes in lung mechanics and increased vulnerability to
VILI [74, 75]. A large, pooled analysis from seven ARDS
Network and PETAL trials found that the relationship
between AP and mortality is significantly amplified in
this population [76]. While AP thresholds of 14 cmH,O
are generally accepted, a lower target of < 11 ¢cmH,O
may be more appropriate in very elderly patients to avoid
barotrauma and enhance survival.

These data advocates for age-adjusted ventilatory strat-
egies, recognizing that frail patients may require more
conservative targets to mitigate harm.

Emerging technologies: Al and omics

Artificial intelligence (Al) is revolutionizing the diagno-
sis, management, and prognosis of ARDS by utilizing
large datasets and advanced computational models. Al
techniques, including machine learning (ML) [77, 78],
deep learning (DL) [79] and natural language processing
[80], enable the identification of ARDS subphenotypes,
improve outcomes prediction, and might help optimizing
mechanical ventilation.

Al-based algorithms can analyze heterogeneous data
sources—including electronic health records, imaging
modalities (e.g., chest X-rays and CT scans) [81, 82], and
real-time physiological signals—to enhance early ARDS
recognition, often outperforming conventional clinical
assessments [83]. DL models, in particular, can augment
diagnostic precision and reduce delays in initiating evi-
dence-based therapy [79].

Prognostic models integrating clinical variables, respi-
ratory mechanics, and biomarkers have been developed
to estimate mortality risk, likelihood of ventilator depen-
dence, and therapeutic responsiveness [84]. Moreover, Al
systems can continuously process ventilator waveforms
to assist with the dynamic adjustment of VT, PEEP, and
AP, while detecting patient—ventilator dyssynchrony
[85] and predicting weaning success [86]. Reinforcement
learning techniques might further contribute to the opti-
mization of lung-protective ventilation by minimizing
VILIL

Beyond ventilatory management, Al enhances image
interpretation, enabling automated quantification of
lung abnormalities and severity classification. Omics-
integrated Al platforms (e.g., proteomics and tran-
scriptomics) are also advancing the discovery of novel
biomarkers to support precision medicine in ARDS [87].
Importantly, decision-support systems powered by Al
can synthesize multimodal data to assist clinicians with
high-stakes decisions, such as timing of weaning, seda-
tion modulation, and proning [86, 88].

Despite its promise, the clinical implementation of Al
in ARDS care remains limited by issues of data hetero-
geneity, model interpretability, and workflow integra-
tion. To realize its full potential, future research must
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prioritize external validation, regulatory approval, and
strategies that foster human—AlI collaboration to ensure
real-world applicability and safety.

Summary and future directions

Optimizing ventilatory management in ARDS necessi-
tates a sophisticated, real-time integration of respiratory
physiology at the bedside. Core parameters—includ-
ing Crs, Ers, AP and lung recruitability—provide criti-
cal insights that help individualizing ventilator settings.
These physiologic markers enable clinicians to estimate
the “baby lung’, evaluate the potential for recruitment,
and titrate ventilation by selecting the appropriate VT,
PEEP and RR to minimize AP and MP, thereby mitigating
VILI while preserving gas exchange.

Advanced tools such as the recruitment-to-inflation
ratio (R/I) and emerging Al-driven predictive models
hold promise for further enhancing bedside assessment
and personalizing ventilatory strategies. By moving
beyond standardized protocols and embracing a physi-
ology-guided, patient-specific approach, clinicians can
align mechanical ventilation with the dynamic and het-
erogeneous nature of ARDS. This paradigm not only
embodies the principles of lung protection but also
holds the potential to improve both short- and long-term
patient outcomes.

Abbreviations

Al Artificial intelligence

ARDS Acute Respiratory Distress Syndrome
Cew Chest wall compliance

Cdyn Dynamic compliance of the respiratory system
CL Lung compliance

Crs Respiratory system compliance

cT Computed tomography

DL Deep learning

DP Driving pressure

DVrecruit  change in volume attributable to recruitment
EIT Electrical impedance tomography

Ers Elastance of the respiratory system

ICU Intensive Care Unit

ML Machine learning

MP Mechanical power

PBW predicted body weight

Pes Esophageal pressure

Pes_insp Esophageal pressure at end-inspiration
Pes_exp Esophageal pressure at end-expiration
Ppeak Peak inspiratory pressure

Pplat Plateau pressure

PEEP positive end-expiratory pressure
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Raw Total airway resistance

R/I'ratio Recruitment-to-Inflation ratio

RR Respiratory rate

VILI Ventilator-Induced Lung Injury
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