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Abstract: Acute respiratory distress syndrome (ARDS) is a leading cause of disability and mortality
worldwide, and while no specific etiologic interventions have been shown to improve outcomes,
noninvasive and invasive respiratory support strategies are life-saving interventions that allow time
for lung recovery. However, the inappropriate management of these strategies, which neglects the
unique features of respiratory, lung, and chest wall mechanics may result in disease progression,
such as patient self-inflicted lung injury during spontaneous breathing or by ventilator-induced
lung injury during invasive mechanical ventilation. ARDS characteristics are highly heterogeneous;
therefore, a physiology-based approach is strongly advocated to titrate the delivery and management
of respiratory support strategies to match patient characteristics and needs to limit ARDS progression.
Several tools have been implemented in clinical practice to aid the clinician in identifying the ARDS
sub-phenotypes based on physiological peculiarities (inspiratory effort, respiratory mechanics, and
recruitability), thus allowing for the appropriate application of personalized supportive care. In this
narrative review, we provide an overview of noninvasive and invasive respiratory support strategies,
as well as discuss how identifying ARDS sub-phenotypes in daily practice can help clinicians to
deliver personalized respiratory support and potentially improve patient outcomes.

Keywords: ARDS; AHRF; mechanical ventilation; CPAP; HFOT; NIV

1. Introduction

Acute respiratory distress syndrome (ARDS) is a life-threatening form of acute hy-
poxemic respiratory failure (AHRF), and it represents a prominent cause of admission to
intensive care units (ICUs) [1]. The hallmarks of ARDS are impaired gas exchange (mainly
hypoxemia) [2,3] and lung injury, which are characterized by diffuse inflammatory infil-
trates, alveolar flooding, and atelectasis with decreased lung compliance [4]. The definition
of ARDS has been slightly changed since its first description in 1967 [5], and the most
recent classification dates back to the “Berlin definition” in 2012 [6]. This definition focused
on the following: recent onset (within one week of a known insult); hypoxemia, which is
assessed at a minimum positive end-expiratory pressure (PEEP) of 5 cmH,O via the O,
partial arterial pressure (P,O;) to the inspired oxygen fraction (F;O,) ratio (graded as mild
(P,O, /F1O; < 300), moderate (P,O,/F;O, < 200), or severe (P,O, /FO, < 100)); bilateral
pulmonary infiltrates in the chest, which are assessed via X-ray; and non-cardiogenic and
non-fluid overload-related pulmonary edema. From an epidemiologic standpoint, the
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LUNG SAFE study [1] revealed that ARDS affects 23% of critically ill patients and requires
mechanical ventilation (10% of ICU patients); moreover, it burdened by a hospital mortality
of 46% for the most severe cases. However, recent data [7] shows that more than 93% of
patients with AHRF receive high-flow oxygen therapy (HFOT, which is a noninvasive
respiratory support that is not included among the diagnostic criteria of ARDS) and then
continue on to have a P,O,/F;O, < 300 after intubation and when under positive pressure
invasive mechanical ventilation (IMV), thus implying a greater incidence of ARDS than
currently reported [1]. In this setting, the mainstay for the management of ARDS consists
of noninvasive [8] and invasive [9] respiratory support strategies, whose specific and recip-
rocal roles are unclear but evolving in accordance with the understanding of biological [10],
radiological, and clinical heterogeneity (e.g., insult events, secondary organ dysfunctions,
and the severities of illness) [11-13] of the disease.

In this narrative review, we will provide an overview of noninvasive and invasive
respiratory support strategies in the context of ARDS. Specifically, we will focus on ARDS
sub-phenotypes that have specific peculiarities of respiratory system mechanics, and this
may orient a personalized approach to respiratory support strategies.

2. The Concept of Baby Lung

The concept of “baby lung” was introduced by Gattinoni and Pesenti in 1987 [14], and
it represents a model through which to explain the mechanical characteristics of injured
lungs in the setting of ARDS. By the systematic use of CT-scans, the authors demonstrated
that the amount of normally aerated lung tissue at end expiration was mainly located
in the nondependent lung region: its size correlates with respiratory compliance and is
dimensionally equivalent to the pulmonary size of a healthy young boy. Conversely, the
number of nonaerated, consolidated, and collapsed lung tissue was mainly located in
the dependent lung region, and it was correlated with hypoxemia, shunt fraction, and
pulmonary hypertension. In this context, respiratory compliance represented a reliable esti-
mation of the baby lung size, whose mechanical characteristics were nearly normal [15-17].
This anatomical model was challenged by the observation that the prone position led to
a redistribution of the baby lung from non-dependent to dependent regions [18,19]. The
pathophysiology of this phenomenon relies on the widespread distribution of inflammatory
edema, and this implies an increased lung weight exerting a hydrostatic pressure (superim-
posed pressure) according to a vertical gravitational gradient [4,20]. Accordingly, aerated
lung regions are squeezed and compressed by the heavy parenchyma above, thus justifying
the redistribution of the baby lung after a body position change [4]. These findings led
researches to recognize the concept of baby lung as a functional model [4,20], where the
lung basically acts as a “sponge” [21].

2.1. Patient Self-Inflicted Lung Injury (P-SILI)

Patient self-inflicted lung injury (P-SILI) refers to the harmful effect of spontaneous
breathing on injured lungs [22-24], and it is characterized by increased respiratory drive
and intense inspiratory effort (with or without tachypnea). These phenomena, coupled
with the regional heterogeneity of lung compliance, cause vigorous transpulmonary pres-
sure swing (AP ) with regional overdistention, excessive transpulmonary pressure, and
atelectrauma [25-27]. Specifically, an increased inspiratory drive generates larger tidal
volume (V7), leading to baby lung hyperinflation, consequent mechanical distortions, and
injury [28]. Moreover, the inhomogeneous distribution of AP}, generates alveolar pressure
gradients and gas displacement from the ventral non-dependent to the dorsal-dependent
lung regions (i.e., pendelluft) [29], and this occurs with a consequent hyperinflation and
damage of the latter (Figure 1). Finally, the intense inspiratory effort exerted on the intersti-
tial space increases the transmural vascular pressure and leads to hydrostatic pulmonary
edema [24,30].
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Figure 1. Traces of airway pressure, esophageal pressure, and transpulmonary pressure for a patient
undergoing treatment with high-flow nasal oxygen (left panel) and helmet continuous positive
airway pressure (right panel). In the (bottom panels), the pendelluft effect is depicted: areas with a
bright red color indicate a high pendelluft effect, while the white regions represent no pendelluft. The
percentage scale relates to the total tidal volume. Despite the patient exerting a similar inspiratory
effort, resulting in the same transpulmonary pressure during both the high flow and the helmet
phase, the PEEP administered via the helmet effectively decreased the pendelluft effect, as shown in
the (bottom panels).

2.2. Ventilator-Induced Lung Injury (VILI)

The pathophysiology of VILI relies on the inappropriate management of IMV neglect-
ing the evolving characteristics of lung mechanics (size and elastic properties), thus causing
volutrauma, barotrauma, and atelectrauma [31]. Specifically, a mechanical ventilator im-
presses a certain amount of force (as volume and pressure) to the skeletal structure of
the lung, which is composed of extensible elastin and inextensible collagen, thus leading
to progressive fiber elongation (strain) and tension (stress). Volutrauma is caused by a
non-physiological strain due to hyperinflation, and it induces mechanoceptor activation,
cytokine production, and worsening inflammation [4]. Barotrauma develops when stress
overwhelms the tensile properties of the pulmonary fibers that lead to parenchymal rupture
(e.g., pneumothorax [32]). Atelectrauma is caused by the repetitive opening and closing
of airways and lung units [33]. For these reasons, a physiology-based, patient-centered,
personalized approach to IMV has been strongly advocated for [6,9].

3. Noninvasive Support
3.1. The Benefits and Harms of Maintaining Spontaneous Breathing

Noninvasive respiratory support (NIRS) includes standard oxygen therapy (SOT), HFOT,
continuous positive airway pressure (CPAP), and noninvasive ventilation (NIV) [34]. These
strategies share in being externally applied to the upper airways, thus preserving the physi-
ological mechanisms of respiratory system protection (e.g., gas clearance, cough, secretion
mobilization, and drainage) [35,36] and spontaneous breathing, with improved ventilation of
the dorsal-dependent lung regions [37]. Moreover, the application of NIRS may prevent clini-
cal complications that are associated with intubation and IMYV, such as ventilator-associated
pneumonia (VAP) [36], delirium [38], and muscular weakness [39]. However, intubation
and IMV are required in 30-60% of patients that are initially treated with NIRS. Most impor-
tantly, NIRS failure is independently associated to increased mortality [40—42], which may be
reasonably explained by the development of P-SILI during the treatment.
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3.2. Strategies and Setting
3.2.1. High-Flow Oxygen Therapy

HFOT delivers a heated and humidified gas flow mixture of oxygen and air up to
60 L/min, with a set F{O, up to 100% through the large bore nasal cannula (i.e., high-
flow nasal oxygen therapy, HFNOT) [34,43,44] (Table 1). The main physiological effects
of HFOT are as follows: the accurate delivery of a set F;O, that matches the patient’s
peak inspiratory flow and allows for a reliable evaluation of the P,O,/F;O; ratio [7]; a
washout of nasopharyngeal dead space, which increases ventilatory efficiency and reduces
the work of breathing; a flow-dependent positive pressure effect (3-5 cmH2O), which
allows for lung recruitment, improved oxygenation, and improved lung mechanics; the
active humidification and heating of the upper airways, favoring secretion hydration and
clearance; and patient’s comfort [45,46].

Table 1. The main settings, benefits, and pitfalls of noninvasive respiratory supports in patients with
AHRF/ARDS.

Noninvasive Respiratory Supports

Settings

Benefits

Pitfalls

High-flow oxygen therapy

F1O,: 0.21-1
Gas flow: 40-100 L/min
Gas temperature: 31-37 °C

Patient’s inspiratory

flow matches

The reliable delivery of
conditioned gas at the F;O,
set by the clinician

Positive airway pressure (up
to 4 cmH,0)

Washout of nasopharyngeal
dead space

Relieved inspiratory effort
Enhanced patient comfort

Delivery of small
PEEP levels

Facemask

F;0;: 0.21-1

PEEP: 5-8 cmH20
Continuous gas flow

(>30 L/min) + PEEP valve
(only CPAP)

PS: 7-10 cmH20 (only NIV)

The reliable delivery of
conditioned gas at the FO,
set by the clinician
PEEP-related

alveolar recruitment
PS-related inspiratory
muscles unload (only NIV)
Tidal volume monitoring
(only NIV)

Skin ulcers

Air leaks and

the consequent
impairment of
high-PEEP delivery
The synchronous
PS-related risk of
positive Pr, swings
Poor tolerability, which
requires treatment
interruptions

CPAP/NIV

Helmet

F1O,: 0.21-1

PEEP: 10-12 cmH,O
Continuous gas flow

(>60 L/min) + PEEP valve
(only CPAP) for Venturi
system devices

PS: 10-12 cmH, 0 (only NIV)
Fastest pressurization time
No need of humidification

for minute ventilation above
40 L/min

The reliable delivery of
conditioned gas at the F{O,
set by the clinician

High PEEP-related alveolar
recruitment and homogeneity
PS-related inspiratory
muscles unload (only NIV)
Asynchronous PS-related
prevention of positive

Py, swings

Greater patient comfort
compared to

facemask approach

No tidal volume
measurement
Upper limb edema
and a high risk of
vasal thrombosis

Abbreviations: CPAP, continuous positive airway pressure; FiO,, inspired oxygen fraction; NIV, noninvasive
ventilation; PEEP, positive end-expiratory pressure; and PL, transpulmonary pressure.

3.2.2. Continuous Positive Airway Pressure

CPAP provides a constant positive pressure to the upper airways via face-mask or
helmet interfaces [47] (its detailed description is summarized in Table 1 [34,43]). Briefly, the
positive pressures of 5-8 cmH;O for face masks (higher pressures may lead to proportion-
ally increased air leakage with consequent mismatches between set and delivered pressures,
which potentially implies a lower efficacy for this therapy) and 10-15 cmH,O for helmets
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are generated by a flow generator (compressed gases or turbine) or a Venturi system that
provides a continuous fresh gas flow to the inlet port while the outlet port is regulated by
a PEEP valve [34,43]. In this setting, a minimum gas flow of 40-60 L/min (>35 L/min) is
necessary to reduce the risk of CO, rebreathing [48]. Accordingly, the ventilator-derived
CPAP should be avoided (<30 L/min), especially with the helmet interface [47-49]. When-
ever possible, setting an appropriate flow-by on the machine is recommended to overcome
this issue. Moreover, active humidification is necessary to maintain an adequate level of air
humidity (15 mgH,O/L).

The CPAP exerts beneficial physiological effects via the improvement of functional
residual capacity (FRC) and through the reduction in airway resistance (by increased
airway pressure, thus preventing airway collapse and flow limitation [34]), which leads to
improved oxygenation [50-55].

3.2.3. Noninvasive Ventilation

NIV allows for the application of a biphasic positive airway pressure (PEEP + pressure
support, PS). It is generated by a mechanical ventilator and delivered via face-mask or
helmet interfaces [34,43,44] (Table 1). Active humidification is recommended only for
face-mask NIV, while it is not required for helmet-NIV when the total system minute
ventilation exceeds 40 L/min [28,56,57]. During NIV, the physiological benefits exerted by
CPAP are implemented by the PS (8-14 cmH;O)—which unloads respiratory muscles, thus
decreasing inspiratory effort and the work of breathing [51,58]. However, full respiratory
synchronization may increase Py, APy, and Vr [59,60], thus increasing the risk of P-SILI. In
comparison with facemask-NIV, this phenomenon may be attenuated during helmet-NIV
because a proportion of the pressure is dissipated when distending the interface. This
condition causes a trigger delay (0.1-0.5 s) that leads to inspiratory desynchronization,
which is sub-optimal for muscle unloading but exerts lung-protective effects limiting the
amplitude of Py, swings [61], thus possibly reducing the risk of P-SILL. Moreover, helmet-
NIV is associated with expiratory desynchronization, which causes a patient’s expiration
against the expiratory pressure above the set PEEP, and this might contribute to alveolar
recruitment [61].

3.3. Clinical Evidence

All these strategies are effective for improving hypoxemia, and no significant differ-
ences were demonstrated among the patients with mild ARDS (P,O,/F;O, > 200) [62]. In
contrast, current guidelines [8] recommend the use of HFOT as the first-line intervention for
patients with moderate-to-severe ARDS. Recently, Ospina and colleagues [63] compared the
effects of SOT vs. HFOT in patients with severe COVID-19 ARDS. They found that HFOT
significantly reduced the intubation rate and shortened the median time for clinical recov-
ery. However, growing evidence has suggested a role for CPAP and Helmet-NIV for the
management of hypoxemic patients with moderate-to-severe hypoxemia [64]. Specifically,
the RECOVERY-RS clinical trial [65] enrolled 1273 patients with COVID-19 ARDS from 48
hospitals, who were randomized to receive CPAP, HFOT, or SOT treatments. This study
found that CPAP (delivered with various interfaces at the discretion of attending physicians)
significantly reduced the composite outcome of 30-day mortality and intubation rate com-
pared with SOT [65]. On top of this, a network metanalysis [64] of 25 randomized clinical
trials found that helmet-NIV was associated with a lower risk of intubation compared with
SOT (RR, 0.26 [95% CI, 0.14-0.46]), HFOT (RR, 0.35 [95% CI, 0.18-0.66]), and facemask-NIV
(RR,0.35 [95% CI,0.19-0.61]). These results were partially confirmed by Grieco et al. [66],
who randomly assigned critically ill patients with moderate-to-severe COVID-19 ARDS to
helmet-NIV vs. HFOT, and found that there were no different number of days that were free
of respiratory support (although in patients receiving the helmet-NIV, the intubation rate
was lower (30% vs. 51%, respectively, p = 0.03)). In contrast, Arabi et al. [67] randomized
320 patients with COVID-19 AHRF to helmet-NIV vs. the usual composite respiratory
support (a combination of facemask-NIV, HFOT, and SOT) and found no different mortality
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rates between the study groups. However, the imprecise effect estimate and the lack of
direct comparison between these strategies limited the reproducibility and the external
validity of results. A multicenter, randomized controlled trial is currently ongoing and
will shed light of the effect of HFOT, CPAP, and NIV on the intubation rate of critically ill
patients with moderate-to-severe AHRF (NCT05089695).

3.4. Physiological Rationale for Using High PEEP

The benefits associated with helmet-CPAP and helmet-NIV in patients with AHRF
and ARDS are mostly related to the alveolar recruitment that is induced by high PEEP
(=10 cmH;0) when it is applied for a longer period of time (>48 h), which increases the
FRC and allows for the homogeneous distribution of Vrt, thus improving the Py, the APy,
and the ventilation-to-perfusion ratio [68]. Moreover, the PEEP-induced FRC increasingly
mitigates atelectrauma [27], reduces the occurrence of pendelluft [22,30,69], and flattens the
diaphragm [70], thus promoting neuromechanical uncoupling with a consequent mitigation
of the dynamic strain for a given inspiratory drive. Additionally, diaphragm flattening
may prevent the diaphragm dysfunction that is caused by the excessive concentric con-
tractions that are due high inspiratory effort [71], although this does warrant additional
clarification through further investigation. Furthermore, the PS-induced reduction found
in the work of breathing lowers the oxygen consumption with a consequent improvement
of hypoxemia [72,73].

3.5. How to Assess the Safety of Spontaneous Breathing

The current definition of ARDS is based on the clinical impact of lung injury on gas
exchange, whose characteristics evolve over time and which require specific supportive in-
terventions that are aimed at mitigating the progression of P-SILI. For this reason, NIRS should
be oriented by a personalized approach that is titrated on the intensity of the respiratory effort
assessed by both pleural pressure swing (APp; ), which is estimated by the esophageal pressure
swing (APgs) [74], and surrogate measurements (e.g., P,CO, < 35 mmHg) [75]. Specifically,
Grieco et al. [61] conducted a randomized cross-over study to investigate the physiological
effect of HFOT vs. helmet-NIV in critically ill patients with moderate-to-severe AHRF.
In comparison with HFOT, helmet-NIV significantly reduced APgs, although it led to a
APy, increase in patients who exhibited a lower inspiratory effort (APgs < 10 cmH,O) at
baseline. In accordance with these findings, a post hoc analysis of the HENIVOT trial [76]
confirmed the beneficial effect of helmet-NIV over HFOT in patients who exhibited a high
respiratory drive (which was assessed by hypocapnia (P,CO; <35 mmHg)) and P,O,/F;O,
to a numerical dyspnea rating scale of <30 at baseline. A recent cross-over randomized trial
compared the physiological effects of helmet-CPAP vs. helmet-NIV vs. HFOT in critically
ill patients with AHRF [77]: in comparison with HFOT, helmet-CPAP and helmet-NIV
led to oxygenation improvement, increased Vt, and end-expiratory lung volume. How-
ever, helmet-NIV decreased the APgg in those who underwent intense inspiratory effort
(APgs > 10 cmH;0) before treatment start (possibly due to the reduction in the respiratory
muscle workload), but there was increased Pp and APy in those with low inspiratory effort
(APgs < 10 cmH,0) (which possibly favored the progression of P-SILI). Interestingly, the
authors showed that the ventilatory heterogeneity caused by pendelluft are frequent during
spontaneous breath, and can be mitigated by the application of high PEEP through the
helmet interface. Taken together, these findings imply that HFOT and CPAP are effective
for improving oxygenation in patients with a less severe form of AHRF, which is character-
ized by low inspiratory effort (APgs < 10 cmH;0O) and/or normocapnia. CPAP improves
alveolar recruitment and limits the occurrence of pendelluft. In contrast, helmet-NIV may
play a role in the management of patients with severe AHRF, who are characterized by
intense inspiratory effort (APgs > 10 cmH,0O) and/or hypocapnia (P,CO, < 35 mmHg). Ac-
cordingly, the physiologic characterization of respiratory mechanics (Figure 2) is pivotal for
identifying patients who benefit the most from each strategy, and this is required in order
to personalize supportive management and to potentially optimize the clinical outcome.
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Figure 2. Flow chart of the physiological effects of helmet-CPAP, helmet-NIV, and HFNO. This
figure shows the most common settings and the main physiological effects of each noninvasive
respiratory support.

3.6. Monitoring Tools of NIRS Failure

Patients with ARDS and AHRF warrant close monitoring to sooner detect the signs
of disease progression and lack of benefit from the delivery of NIRS. This is required in
order to prevent the potential harm caused by delaying intubation and IMV [78]. In this
setting, an increasing amount of evidence has shown that the delayed recognition of NIRS
failure is associated with increased mortality, and this is possibly due to the progression
of P-SILI [8]. Accordingly, specific clinical tools have been implemented in daily practice
to overcome this issue and were demonstrated to be effective for the early recognition of
NIRS failure (Table 2, Figure 3).

Table 2. Monitoring tools and clinical thresholds for the prompt identification of noninvasive
respiratory supports failure in patients with AHRF/ARDS.

Parameter Monitoring Tool Clinical Th_resho.l d Associated Limitations
with Failure

Underestimation of clinical

SpO, /FiO, Pulse oximetry <120 and/or worsening trend severity for low P,CO; levels
P,O,/F O, Arterial blood gas analysis <150-200 and/or worsening trend Intermittent
Respiratory rate Clinical examination >25-30 and/or not decreasing Low correlation with effort
Expired tidal volume Mechanical ventilator >9-9.5 mL/kg PBW Not feasible during HFOT

and helmet-NIV /CPAP

Absolute value > 10-15 cmH,O
APgg Esophageal balloon catheter ~ Reduction of less than 10 cmH,O Needs some expertise
after two hours of NIV
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Table 2. Cont.

Clinical Threshold Associated

Parameter Monitoring Tool with Failure Limitations
<2.85 at 2 h of HFOT initiation
ROX index (SpO, /F1O,)/Respiratory rate <3.47 at 6 h of HFOT initiation Validated for HFOT and NIV
<3.85 at 12 h of HFOT initiation
Heart rate, acidosis, stream of
consciousness, oxygenation,
and respiratory rate. >5 points at 1 h of NIV initiation.
An updated version takes into A HACOR score of <7,7.5-10.5, Intermittent. time consumin
HACOR scale account some baseline 11-14, and >14 were updated to . &
. . i and validated only for NIV
variables as pneumonia, be classified at low, moderate,
cardiogenic pulmonary high, or a very high probability of
edema, pulmonary ARDS, NIV failure

immunosuppression, septic
shock, and the SOFA score

Abbreviations: FiO,, inspired oxygen fraction; HFOT, high-flow oxygen therapy; NIV, noninvasive ventilation;
P,O,, partial arterial O, pressure; PBW, predicted body weight; P,CO;, partial arterial CO, pressure; APgs, delta
esophageal pressure; and SpO,, peripheral O,-saturation.

Esophageal manometry, deita Pes < 10 cmH,0

<35 mmHg J - || o (9,(0 > 35 mmMg ’

PaCO,
Esophageal manometry, dekta Py, > 10cmH,0

\

PEEP 8 - 12 cmH, 0, possibly with helmet
Helmet NIV: PEEP 10-12cmM,0, PS 10-14 cmi,0 e
Facemask: PEEP 5.8 cmM,0, PS 8-10 cmM,0 - eddosbet. High Flow Nasal Oxygen + Prone positioning
[ Continuous clinical monitoring ]
HACOR SCORE > 6-7 (Score designed for face-mask NIV, based on Heart rate, Acidocis, Consciouseness, Oxygenation, Respiratory rate)
Rox index < 4 (Score designed for High flow, based on SpO,/Fi0,)

Con:

sider intubation if any of the followings; intubation is strongly advised if two of the followings at the same time

Worsening or unbearable dyspnea

Lack of improvement in oxygenation

Hemodynamic instability

Persistent respiratory muscle fatigue

Persistent tachypnea

Neurologic deterioration /

Figure 3. This flowchart illustrates a proposed treatment protocol for acute hypoxemic respiratory
failure, and is based on the patient’s clinical presentation and phenotypes (from the authors’ perspec-
tive). The first step entails assessing the inspiratory effort, ideally through direct measurements (via
an esophageal balloon) or alternatively through indirect measurements (e.g., PaCO2 < 35 mmHg in
the absence of metabolic acidosis).

Respiratory rate and blood oxygenation are monitored by both continuous pulse
oximetry and intermittent arterial blood gas analysis, and they may play an important
role for the purpose of identifying patients at risk of NIRS failure [25,26,79]. A progressive
increase in respiratory rate and/or a worsening of oxygenation over time correlates with
lung function deterioration, and it demands intubation and IMV to prevent the progression
of P-SILIL. Although these parameters represent the standard of care for an initial monitoring
of AHRF response to NIRS at the bedside, their low sensitivity and specificity for identifying
treatment failure imply the application of advanced tools to titrate the clinical management
to patient needs:
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e  An expired tidal volume of >9-9.5 mL/kg predicts the body weight and may predict
facemask-NIV failure [80], but it is not applicable during helmet-NIV;

e  The inspiratory effort assessed by APgg > 15 cmH;O or lack of early APgg reduction
over time (within the first 2 h of treatment) may predict NIV failure at 24 h [81];

e The ROX index, defined as the ratio of SpO,/F;O; to respiratory rate, may identify
patients at risk of HFOT failure and the need for intubation and invasive mechanical
ventilation [82]. Additionally, the ROX index has been recently demonstrated to
moderately predict NIV failure in patients with AHRF [83];

e The HACOR scale takes into account heart rate, acidosis, stream of consciousness,
oxygenation, and respiratory rate, with highest possible score of 25 points. Specifically,
a score of 5 as the cutoff has a good diagnostic accuracy for identifying patients at risk
of NIV failure in the different subgroups classified for diagnosis, age, disease severity,
and those at a different timepoint. In those patients with a HACOR score > 5 at 1 h after
NIV initiation, early intubation (<12 h) may decrease hospital mortality [79]. Recently,
Duan et al. [84] reported a significantly improved predictive power for NIV failure in
an updated version of the HACOR scale that takes into account six baseline variables
(pneumonia, cardiogenic pulmonary edema, pulmonary ARDS, immunosuppression,
septic shock, and the SOFA score). Patients with updated HACOR scores of <7,
7.5-10.5, 11-14, and >14 were classified at a low, moderate, high, and very high
probability of NIV failure.

In scenarios that are characterized by high inspiratory effort, noninvasive ventilation
(NIV) could offer physiological benefits such as reduced inspiratory effort (potentially
minimizing P-SILI) and enhanced lung homogeneity (due to the applied PEEP).

On the other hand, for cases of low inspiratory effort, the chosen intervention depends
on the severity of hypoxemia. If the patient exhibits profound hypoxemia, there may
be potential benefits from the high PEEP provided by helmet-CPAP or from the prone
positioning during spontaneous breathing; otherwise, the use of high-flow nasal oxygen
is advised.

4. Invasive Mechanical Ventilation
4.1. Main Aims

For patients with AHRF and ARDS failing NIRS, the IMV is pivotal for allowing
physiologic gas exchange, as well as lung and diaphragm protection whenever the respi-
ratory demand (e.g., respiratory drive) overwhelms the respiratory system capacity (e.g.,
inspiratory efforts). Accordingly, IMV is a supportive intervention that allows time for lung
recovery while preventing the progression of P-SILI [23]. Although IMYV, since its first large-
scale use during the polio epidemic in 1952 [85], has been used to provide adequate blood
oxygenation (P,O; > 60 mmHg or SpO, within 90-94%) and maintaining the appropriate
P,CO; levels for targeting acid-base balance homeostasis (pH within 7.35-7.45), several
studies have shown that it may harm patients by leading to VILI [5,32].

4.2. Controlled Mechanical Ventilation

Controlled IMV is the cornerstone for the management of severe ARDS [6], which
implies respiratory muscle paralysis [86] or apneic ventilation [87]. It is delivered in order
to mitigate excessive pleural pressure (Ppr) swings and heterogeneity, and these result
from the interplay between inspiratory efforts (Pmys) and reduced alveolar units with
normal compliance [4]. According to the equation of motion that includes elastic, as well as
resistive and static pressure components, the airway pressure (Paw) results from the sum of
the Py, and Ppy, whose main determinant is the elastic recoil pressure of chest wall (Pcw).

Paw =PL + PpL

In a seminal experimental model, Dreyfuss et al. [88] demonstrated that VILI was
not determined by high Paw per se but developed from the detrimental effect of lung
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overdistention and the Py, increase caused by a large V. This highlights the importance of
transpulmonary rather than absolute airway pressure in determining VILL

4.3. How to Set VT

Assuming that all alveoli are opened, and that the contribution of the chest wall is
negligible (e.g., non-obese patients), the Pp, may be estimated by the plateau pressure
(PpraT) (Figure 4), which is the Py displayed by the ventilator after an inspiratory hold
of 0.3 sec. In critically ill patients with ARDS, a low Vt (6 mL/predicted body weight,
PBW) ventilation with low Pppar (<30 cmH,0) was demonstrated to be effective for
reducing mortality compared with a high VT (12 mL/predicted body weight) ventilation
with high Ppy a1 [89,90]. Titrating Vt to reach an upper Pppat limit within 28 cmH,O was
demonstrated to be effective for further reducing the risk of overdistention [91]. Subsequent
data have indicated that normalizing VT to the respiratory system compliance rather
than predicted body weight allows one to assess the mechanical distortion of the baby
lung induced by V1. This parameter is the driving pressure (AP = V1/Cgs) and can
be easily measured at the bedside as Pppar-PEEP (Figure 4) [92]. Specifically, Amato
et al. [93] reported an independent association between a AP < 15 cmH,0 and improved
survival, and this was not influenced by PEEP and Vy (Table 3). Moreover, Gattinoni
et al. [94] introduced the concept of mechanical power, which is the energy transmitted
to the respiratory system by the mechanical ventilator with the aim of aggregating the
effect of the ventilatory variables contributing to VILI into a single measure. However,
this interesting model raised several concerns [95-97] due to the fact that PEEP is a static
pressure, the “weight” of each parameter on the development of VILI and death was not
balanced, and the different effect of PEEP among recruiters (PEEP-induced FRC increase)
and non-recruiters was not characterized. Moreover, the mechanical power calculation
lacks feasibility at the bedside and does not orient the clinician to best manage IMV in order
to prevent its burden. In contrast, Costa et al. [96] weighted the effect of each component
by determining the mechanical power on mortality in patients with ARDS. The authors
found that mechanical power, AP, and respiratory rate (RR) were significant predictors
of mortality, and a simpler model (4 x AP + RR) was equivalent to mechanical power
predicting mortality. However, the clinical benefit of this physiologic hypothesis warrants
demonstration in future randomized clinical trials.

Table 3. Safe limits of ventilatory variables during controlled and assisted invasive mechanical ventilation.

Ventilatory Variables Initial Setting Safe Limits
Controlled ventilation
V. 6 mL/kg IBW, targeting a AP < 15 cmH,O Up to 8 mL/kg of IBW if Ppyar and AP remain
T and Pppat < 28-30 cmH,O within a safe limit and if 4 x AP + RR is reduced
<15 cmH,O, unless more than 4 breaths per minute
AP / are needed to maintain isocapnia for each cmH,O of
AP reduction (4 x AP + RR is increased)
PpraT / <28-30 CmHzO
. . Pppat should be kept within the safe limit;
High or low PEEP set according to the hemodynamic instability should be avoided and
PEEP recruitability profile (e.g., CT-scan, R/I . . . . . .
. treated; and high PEEP in non-recruitable patients is
ratio, EIT, esophageal manometry) di
iscouraged
o . Check for the presence of PEEPi and set I:E
RR Setto mamtdam.PagOz and pHin the accordingly, and variations of RR should be made in
esired range relation with Vt, not to increase 4 x AP + RR
Assisted ventilation
Po1 / 1-4 cmH,O
APocc / 10-15 cmH,0O
PpraT / <28-30 CmHzO

Abbreviations: IBW, ideal body weight; AP, driving pressure; APocc, pressure drop during occluded breath;
Pprat, plateau pressure; PEEP, positive end-expiratory pressure; RR, respiratory rate; and Vt, tidal volume.
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Figure 4. Respiratory system mechanics during volume-controlled ventilation. The end-expiratory hold
allows for an assessment of the total positive end-expiratory positive pressure (PEEP), which results
from the sum of the PEEP set on mechanical ventilators and the intrinsic PEEP (PEEPi). Contemporary
esophageal manometry shows the end-expiratory esophageal pressure (PES), thus allowing for the
measurement of transpulmonary pressure (P ) via the equation of motion. The end-inspiratory hold
allows for the assessment of the plateau pressure (Pppa7) and the driving pressure (AP).

4.4. How to Set PEEP

Low V7 ventilation may induce alveolar de-recruitment, which leads to oxygenation
impairment and can be theoretically reversed by PEEP [98,99]. However, ARDS is a com-
plex clinical syndrome characterized by several degrees of lung inhomogeneity, whose
morphological (diffuse vs. focal infiltrates) and biochemical (hyperinflammatory vs. im-
munosuppressive) characteristics may identify the specific sub-phenotypes with different
responses to PEEP [13]. Specifically, patients with diffuse ARDS and hyperinflammation
were more likely to benefit from higher PEEP levels [100], thus reducing both the dynamic
strain and the risk of atelectrauma for a given Vt [101]. Conversely, patients with focal
ARDS and a non-hyperinflammatory phenotype were more likely to benefit from lower
PEEP levels, which mitigate the dynamic strain caused by the regional overdistension
and hemodynamic impairment that are due to preload dependency and right ventricu-
lar failure [102,103]. For these reasons, several pragmatic clinical trials that randomized
patients with ARDS to receive lower vs. higher PEEP based on oxygenation- [104,105]
and Cgg-oriented [106,107] criteria failed to identify the best strategy to set and individual-
ize PEEP in daily practice. Nonetheless, a systematic review and meta-analysis [108] on
2299 patients from three clinical trials found that the application of higher PEEP levels in
the most severe patients with ARDS was associated with an improved survival, while a ran-
domized controlled trial [109] demonstrated that a ventilator strategy misaligned to lung
morphology may increase mortality. Currently, the gold standard method for assessing
lung morphology and recruitability is represented by the CT-scan (Table 3), whereas its use
in daily practice appears poor in terms of feasibility due to personnel shortage, increased
workload, and health system costs. For these reasons, new tools for PEEP titration at the
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bedside have been implemented in clinical practice (Table 3), although their role must be
clarified in future clinical trials:

The recruitment-to-inflation ratio (R/I): this index reflects the amount of recruited
lung units that are normalized to the Crg during a single-breath de-recruitment ma-
neuver [110] from high PEEP (15 cmH,0) to low PEEP (5 cmH;0) while taking into
account the airway opening pressure [111]. Briefly, a R/I ratio above 0.5 identifies
patients for whom a higher PEEP level increases the FRC with negligible alveolar
hyperinflation, while a R/I ratio below 0.5 identifies those who develop PEEP-induced
hyperinflation and may benefit from lower PEEP levels. A clinical trial investigating
whether a PEEP-setting strategy based on the R/I ratio can improve clinical outcome
in ARDS is currently ongoing (NCT03963622).

Electrical impedance tomography (EIT): this is a noninvasive, radiation-free imaging
method that tracks the global and regional lung volume changes induced by PEEP.
EIT shows good reliability in the assessment of lung recruitment vs. hyperinflation
compared with CT-scans [112]. For instance, in a supine position, the percent of the
dorsal-to-ventral thorax diameter is expressed as the center of ventilation (COV) [113],
and this may help to describe the distribution of VT between the ventral nondependent
aerated lung regions (COV > 50%) vs. dorsal-dependent non-aerated lung regions
(COV < 50%). Accordingly, a COV > 50% may be a marker of the inhomogeneous VT
distribution that is associated with a high risk of ventral hyperinflation and dorsal
atelectasis. Moreover, EIT provides functional information on the recruitable alveolar
collapse by measuring changes in pixel compliance via a decremental PEEP trial: a
decreased pixel compliance when lowering PEEP is suggestive of collapse, thus indi-
cating potential for recruitment, whereas increased pixel compliance is suggestive of
overdistention [112]. Future clinical investigations in this context are urgently needed.
Esophageal manometry: this method measures Pes, which is an estimation of PPL in
the mid-thorax region adjacent to the esophageal balloon. A recent validation study on
supine pigs and human cadavers [114] showed that injured lungs exhibit a vertical Ppy.
gradient, which increases from ventral non-dependent regions to dorsal-dependent
lung regions. The Py, can be estimated by the equation of motion that substitutes Ppr,
with the end-expiratory Pgg and by the elastance-derived method at end inspiration,
whose value is representative of the non-dependent part of the chest cavity [74,102].
In this context, a post hoc analysis of the EPVent-2 (esophageal pressure-guided
ventilation 2) trial [115] found a significant improvement in ventilator-free, shock-free
days and in the survival rates, regardless of the treatment group, among patients
receiving PEEP and yielding a positive end-expiratory Py, close to 0 ecmH,O. This
finding may be particularly of interest in the management of obese patients with
considerable chest wall elastance that leads to high AP, even when the P remains
within safe limits [116]. In this context, a PEEP-setting strategy for obtaining a positive
end-expiratory PL was associated with survival improvement in a large multicenter
study [117].

Volumetric capnography (Vcap) is a noninvasive tool that may help to assess the
amount of alveolar and airway dead space [118], which are directly associated with
increased mortality in patients with ARDS [119]. In ARDS patients, preliminary
evidence has suggested a role for Vcap in PEEP titration in terms of reaching the
highest compliance in conjunction with the lowest ratio of dead space to Vt [120].
Although this tool may provide important insight into lung mechanics, especially
when esophageal manometry is not available at the bedside, it warrants further
investigation to clarify its role in the setting of ARDS.

4.5. How to Assess the Safety of Assisted Invasive Mechanical Ventilation

The transition from controlled to assisted mechanical ventilation should be promoted

as soon as it appears safe in order to prevent respiratory muscle dysfunction and atrophy,
as well as the further complications associated with prolonged sedation (e.g., delirium,
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stress ulcers, pneumonia). Nonetheless, patient—ventilator interactions should be mon-
itored carefully (Figure 5) to sooner detect asynchronies [121], mitigate over-assistance,
and to improve the under-assistance that leads to excessive P, and consequent lung injury.
For these reasons, ventilator assistance should be titrated to respiratory drive, inspiratory
effort, and lung mechanics [122]. Specifically, low-respiratory drive and effort may be a
consequence of over-assistance and/or excessive sedation, or diaphragm dysfunction [74].
In this context, propofol and benzodiazepines were demonstrated to be effective in re-
ducing respiratory effort [123,124], while opioids lower the respiratory rate with mixed
effects on the effort [125,126], and dexmedetomidine plays no role in the management of
respiratory drive [127]. The gold standard parameter for assessing respiratory effort is
represented by the negative deflection of Prg, whose magnitude estimates the strength of
effort. Furthermore, its integral over inspiratory time quantifies the energy expenditure
(PTPgs) and its swing measures the driving Py, thus stratifying the risk of P-SILI [128].
However, esophageal manometry requires specific equipment and expertise that may limit
its use in daily clinical practice. In this context, occlusion maneuvers (Figure 5) may play
arole, as any Paw changes follow the magnitude and timing of Pp, variations, and they
are independent from respiratory mechanics when air flow is equal to 0 (Table 3). The
Paw drop during the first 100 msec of the occluded breath (Py.1) is a measurement of
respiratory drive [129], and it normally ranges between 1-4 cmH,O, while higher values
may be considered as surrogates of under-assistance or dysregulated respiratory drive. In
contrast, a low respiratory rate may be a sign of over-assistance. Furthermore, the Py
drop during a whole occluded breath (Pocc) is a measurement of inspiratory effort, and its
normal value ranges between 10 and 15 cmH,O [130]. Moreover, the assessment of Ppp a1
(Table 3) was demonstrated to be effective in stratifying the risk of hyperdistention and
was directly associated with mortality [131].
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Figure 5. Respiratory system mechanics during assisted ventilation.

The end-expiratory hold allows for the measurement of Py.; within the first 100 msec
and for the airway pressure variation within the whole occluded breath (APocc). These
respectively measure the inspiratory drive and effort. The end-inspiratory hold allows for
the measurement of the airway plateau pressure and the esophageal plateau pressure. By
calculating the transpulmonary plateau pressure and the transpulmonary driving pressure,
we can gain insight into the patient’s lung function and the effectiveness of the pressure
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support ventilation. It should be noted that during the end-inspiratory hold there is an
increase in esophageal pressure above the end-expiratory pressure, which is an effect of the
chest wall elastance (and this allows one to calculate chest wall mechanics).

5. Neuromuscular Blockage, Prone Position, and Inhaled Pulmonary Vasodilators

Besides a physiology-based NIRS delivery and mechanical ventilator settings, other inter-
ventions have been demonstrated to be effective in improving the outcome of ARDS patients.

5.1. Neuromuscular Blocking Agent

Neuromuscular blocking agent (NMBA) administration (specifically, Cisatracurium)
for 48 h was demonstrated to be effective for reducing 90-day mortality in patients with
early moderate-to-severe ARDS compared with placebo [86]. In contrast, the ROSE trial [87]
showed no differing 90-day mortality rates between patients who were randomized to
receive either deep sedation with Cisatracurium for 48 h or lighter sedation without NMBA
infusion (intermittent NMBA boluses were allowed as for clinical indication). In light of
these studies, a recent clinical practice guideline [39] was suggested to avoid a continuous
NMBA infusion for patients with ARDS of any severity and who are being ventilated
with a lighter sedation strategy. However, for those who need deep sedation to control
inspiratory effort, a short-term (48 h) infusion of these drugs represents a reasonable option
for facilitating lung protective ventilation.

5.2. Prone Position

Prone positioning sessions of at least 16 h were demonstrated to be effective for
reducing 28-day mortality in mechanically ventilated patients with moderate-to-severe
ARDS compared with placebo [132]. Furthermore, these results were confirmed by a
subsequent meta-analysis on eight randomized controlled trials (2129 patients) [133]. A
physiological explanation relies on the prone-positioning-induced recruitment of dependent
lung regions, and this implies the following: a mitigation of ventilation to perfusion
mismatches, which leads to improved oxygenation; a more homogeneous distribution of
tidal volume; and improved lung compliance and reduced P, with mechanical ventilator-
induced stress and strain modulation [134].

5.3. Inhaled Pulmonary Vasodilators

Nitric oxide has been widely used in clinical practice to improve ventilation to per-
fusion mismatches and for reducing pulmonary hypertension [135]. A recent systematic
review and meta-analysis [136] found that nitric oxide administration compared with
controls did not increase overall survival (13 randomized controlled trials, 1243 patients),
28-day survival (9 randomized controlled trials, 1105 patients), nor bleeding events (5 ran-
domized controlled trials, 614 patients). Although nitric oxide administration improved
oxygenation (11 randomized controlled trials, 614 patients), it increased the risk of renal
impairment in adults (4 randomized controlled trials, 9455 patients). For these reasons, the
evidence is insufficient for supporting nitric oxide administration in this setting.

6. Potential Issues for the Implementation of Personalized Respiratory Support
Strategies and Eventual Solutions

The LUNG SAFE [1] trial showed that ARDS is underdiagnosed (34% of the cases at
the time of fulfilment of ARDS criteria), and its recognition is frequently delayed. Factors
associated with the clinician recognition of ARDS were higher in the nurse-to-patient ratio,
younger patient age, lower P,O,/F;O, ratio, and pneumonia or pancreatitis variables,
while the absence of risk factors for ARDS and concomitant cardiac failure predicted a
reduced likelihood of clinician recognition. Moreover, this study reported that 35.1% of
patients with ARDS did not receive protective mechanical ventilation, and only 16.3% of
those with severe ARDS underwent prone positioning, and the Pp; o was poorly measured
(40.1% of patients). Accordingly, a first step toward an implementation of personalized
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respiratory support strategies relies on making clinicians aware of ARDS diagnostic criteria
in order to allow an early diagnosis and to allow for a prompt delivery of appropriate
respiratory strategies. Moreover, it is worthwhile to educate clinicians in the use of the
bedside clinical tools discussed above, whose application may help to sooner recognize
NIRS failure and to accurately titrate the mechanical ventilator setting to lung mechanics.

7. Conclusions

ARDS and AHREF are heterogeneous clinical conditions characterized by peculiar
features of respiratory system mechanics. The management of invasive and noninvasive
respiratory support strategies in terms of neglecting the respiratory system physiology
may perpetuate the progression of lung injury. A personalized and physiology-based
approach to ARDS and AHREF is strongly advocated to limit the evolution of lung injury
and to provide enough time to recover. Future trials are justified to verify this hypothesis
and to test whether such an approach may improve the outcome of these life-threatening
clinical condjitions.
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