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Abstract: Patient self-inflicted lung injury (P-SILI) is a life-threatening condition arising from ex-
cessive respiratory effort and work of breathing in patients with lung injury. The pathophysiology
of P-SILI involves factors related to the underlying lung pathology and vigorous respiratory effort.
P-SILI might develop both during spontaneous breathing and mechanical ventilation with preserved
spontaneous respiratory activity. In spontaneously breathing patients, clinical signs of increased work
of breathing and scales developed for early detection of potentially harmful effort might help clini-
cians prevent unnecessary intubation, while, on the contrary, identifying patients who would benefit
from early intubation. In mechanically ventilated patients, several simple non-invasive methods for
assessing the inspiratory effort exerted by the respiratory muscles were correlated with respiratory
muscle pressure. In patients with signs of injurious respiratory effort, therapy aimed to minimize
this problem has been demonstrated to prevent aggravation of lung injury and, therefore, improve
the outcome of such patients. In this narrative review, we accumulated the current information on
pathophysiology and early detection of vigorous respiratory effort. In addition, we proposed a simple
algorithm for prevention and treatment of P-SILI that is easily applicable in clinical practice.

Keywords: patient self-inflicted lung injury; respiratory effort; work of breathing; transpulmonary
driving pressure; extracorporeal membranous oxygenation

1. Introduction

Continuous oxygen supply and carbon dioxide elimination are the principal physi-
ologic functions of the respiratory system. This gas exchange requires a large epithelial
surface in direct contact with both the external (air) and internal (blood flow through
the pulmonary circulation) environments. Lungs and bronchial epithelium also serve as
first-line immune defense organs, including innate and adaptive immune cells capable
of inducing the local and systemic immune response. The energy needed to generate
a pressure gradient between alveoli and atmospheric pressure to pass the inspired gas
through airways and to distend lungs could be produced by respiratory muscles, by a
ventilator, or by a combination of these two sources. The term “biotrauma” was introduced
to describe the translation of energy applied to the respiratory system into biochemical
signals generating inflammatory response and subsequent dysfunction of distal organs [1].
The application of excessive mechanical energy on the lung tissue during breathing is trans-
lated into biological signals producing systemic inflammation. This explains why most
patients dying with acute respiratory distress syndrome (ARDS) die from multiple organ
dysfunction syndrome [2]. During mechanical ventilation (MV), the ventilator provides the
work of breathing; this can, however, result in lung injury—so-called ventilator-induced
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lung injury (VILI). The identification of the potentially preventable factors of VILI develop-
ment was a logical next step in the research on VILIL. Lung-protective ventilatory strategies
based on low tidal volumes, reduced pressures delivered by the ventilator (tidal volume
(Vi) < 6 mL/kg of predicted body weight (PBW); plateau pressure < 30 cmH,O; driving
pressure (APaw) < 15 cmH,0), and optimization of positive end-expiratory pressure
(PEEP) were associated with reduced mortality in patients with ARDS [3]. Finally, the
concept of mechanical power was introduced into the clinical practice for calculating the
energy applied to respiratory tissue during mechanical ventilation [4].

In a spontaneously breathing subject, the respiratory effort is generated by inspiratory
muscles and the lung tissue is, therefore, exposed to the same physical forces that cause
lung injury accompanied by VILL If applied to damaged lung tissue, this can also lead to
further lung injury, and the fact that this is caused by spontaneous breathing is reflected
in the term “patient self-inflicted lung injury” [5]. It is important to mention that P-SILI
might develop in patients on mechanical ventilation with preserved spontaneous effort
as well as in patients breathing without mechanical ventilator support. Because the exact
measurement of driving pressure and tidal volume in a patient breathing spontaneously
has significant limitations, clinicians must be aware of the early signs of excessive work of
breathing and respiratory effort.

In this narrative review, we accumulated the current information on pathophysiology
and, in particular, early detection of P-SILI and options for its treatment. The knowledge
provided in this paper may help clinicians in the early recognition of patients at risk
and, in effect, in applying early interventions to prevent the development of irreversible
lung injury.

2. Experimental Evidence of P-SILI

The early evidence of a detrimental effect of excessive inspiratory effort was described
in the experimental study on pharmacologically induced hyperventilation (central aci-
dosis induced by sodium salicylate injection into the cisterna magna) in spontaneously
breathing animals with healthy lungs. Hyperventilation lasting for a prolonged period
induced subsequent hypoxemia, deterioration of lung mechanics (decrease of compliance),
and macroscopic and histological features consistent with ARDS. These lesions were not
detected in animals in the control arm, where objects were sedated, paralyzed, and me-
chanically ventilated with average tidal volumes immediately after the application of
sodium salicylate injection into the cisterna magna [6]. Yoshida et al. reported the dele-
terious effect of excessive respiratory effort in the lavage-injured lung in animals with
the inserted esophageal balloon and monitored esophageal pressure (Pes). Animals with
strong spontaneous effort (defined by a greater value of the negative pleural pressure
and increased esophageal pressure switch) developed a significant worsening of the lung
injury as evaluated by the dynamic compliance, neutrophil count in the bronchoalveolar
fluid, and histological lung injury score [7]. The same authors defined the role of lung
injury severity in the development and progression of P-SILI in animals with severe lung
injury induced by repeated lung lavage. Histological lung injury scores were higher in the
subjects with initial severe lung injury who were left to breathe spontaneously compared
to those who were put on mechanical ventilation without spontaneous effort. However,
animals with initial mild lung injury who were left to breathe spontaneously showed the
best results of all groups, thus highlighting the need for individualization and meticulous
evaluation of the suitability of spontaneous breathing for a particular subject with lung
injury [8]. An excessive spontaneous effort with high regional strain was also shown to be
the cause of the increased expression of genes involved in inflammation, coagulation, and
apoptosis [4]. These data from experimental studies, therefore, provide evidence for the
link between excessive respiratory effort and the subsequent development of self-inflicted
lung injury. Some authors advocate the use of the term “effort-induced lung injury” instead
of P-SILI [9].
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3. Pathophysiology of P-SILI

The pathophysiology of P-SILI is complex and involves factors related to the underly-
ing lung pathology and respiratory mechanics. From the physiological point of view, three
distinct factors determine the respiratory mechanics: (i) respiratory drive (i.e., neural output
to respiratory muscles), (ii) respiratory effort (i.e., the activity of respiratory muscles), and
(iii) breathing pattern (i.e., the mechanics of respiration).

Respiratory drive. The respiratory drive is defined as the intensity of the neural
output of the respiratory centers, which determines the effort of the respiratory muscles.
The respiratory drive is determined by signals from central chemoreceptors, peripheral
chemoreceptors, stretch receptors from the thoracic wall and lung tissue, irritant receptors
of the airway epithelium, and, finally, cortical and emotional feedback. In a pathological
condition, the tissue of the respiratory system produces vital positive feedback, further
increasing the respiratory drive through hypoxemia, hypercarbia, and vagal C-fibers acti-
vation by inflammation and congestion [10,11].

Inappropriate lung stress and strain. Lung stress is the pressure distending the lung
and chest wall. Numerically, the stress applied to the lung parenchyma is represented
by the transpulmonary pressure (P ). Strain is the change in lung volume above the end-
expiratory lung volume in response to an applied stress (i.e., tidal volume). Inappropriate
stress and strain are both related to the development of VILI and P-SILI. In injured lungs
with reduced compliance, higher transpulmonary pressure and work of breathing are
needed to provide an appropriate tidal volume and minute ventilation. Moreover, the
distribution of stress and strain becomes significantly non-homogeneous under pathologic
conditions, causing further deleterious regional amplification of stress and strain between
regions with different mechanical properties [12-14].

Pendelluft is characterized by redistributing the tidal volume from the non-dependent
to the dependent lung regions due to the higher negative pressure in the dependent areas.
Moreover, in patients with substantial expiratory effort, the de-recruitment of dependent
lung regions during exhalation may increase the pendelluft during the subsequent inspira-
tion [15,16]. Intraparenchymal air shift causes significant regional over-distension of the
dependent regions. It increases the work of breathing irrespective of the tidal volume, and
the frequency and magnitude of pendelluft correlate with increased blood concentrations
of inflammatory biomarkers [17].

Lung edema. Vigorous inspiratory effort and excessive intrathoracic negative pressure
result in an increase in venous return. The subsequent elevation of left ventricular end-
diastolic and pulmonary capillary pressures creates a high trans-capillary pressure gradient.
In acute lung injury, capillary permeability is increased due to the dysfunction of the
endothelial cell layer. This combination of elevated trans-capillary pressure gradient and
increased capillary permeability facilitate fluid leakage from the pulmonary capillaries into
the interstitial and alveolar space [18]. Lung edema, in turn, increases respiratory effort
because of worsening hypoxemia and hypercarbia and due to direct stimulation of vagal
C-fibers [10].

Diaphragmatic injury. Atrophy due to prolonged disuse in controlled mechanical
ventilation was considered the primary mechanism of ventilation-induced diaphragmatic
injury (VIDI). However, concentric load-induced injury caused by excessive muscle fibers
contraction in patients with high respiratory effort (both inspiratory and expiratory) may
also contribute to VIDI development. Because the activity and function of the diaphragm
are the main factors influencing lung volume and pressure changes during spontaneous
breathing, avoiding insufficient and/or excessive respiratory effort became the cornerstones
of the so-called lung- and diaphragm-protective ventilation strategies [19,20].

Patient-ventilator dyssynchrony during mechanical ventilation is defined as a situa-
tion when the parameters of breath delivered by the ventilator do not match the patient’s
respiratory drive and effort. Dyssynchronies are of clinical relevance because the number
and intensity of patient—ventilator dyssynchronies are related to parameters of poor out-
come, such as increased mortality or prolonged ventilation due to slower weaning [21-23].
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Injured lungs are susceptible to subsequent insults. Paradoxically, respiratory insuffi-
ciency increases the respiratory drive through the central and peripheral receptor back loop
and the direct stimulation of pulmonary vagal C-fibers by inflammation and edema [10,11].
The excessive respiratory drive may overwhelm lung-protective reflexes, which, in turn,
leads to the breathing pattern causing self-inflicted lung injury and exposes the lungs to
the risk of aggravating the pre-existing lesions—the vicious cycle of P-SILI [5] [Figure 1].

‘ LUNG INJURY ‘

HYPOXEMIA
HYPERCARBIA
INFLAMMATION

INAPPROPRIATE
stress/strain

PENDELLUFT

DYSSYNCHRONY
(if ventilated) INCREASED
RESPIRATORY
DRIVE

INCREASED
RESPIRATORY
EFFORT

Figure 1. The pathophysiology of P-SILI—a “vicious circle” of self-aggravating lung injury; yellow
arrow—vagal signalization (according to [5,10,18]).

The COVID-19 outbreak triggered intensive research in the field of self-inflicted lung
injury. In the early phase of the pandemic, several “phenotypes” of COVID-19-related
ARDS were believed to exist; however, with a growing knowledge of COVID-19-related
ARDS, it became apparent that the differences observed in lung pathology and clinical
presentation were rather manifestations of disease development in time than different
phenotypes [24,25]. Moreover, these differences may have also arisen due to a combination
of disease-related conditions and respiratory effort-related injury [26]. COVID-19-related
ARDS was specific because patients frequently tolerated severe hypoxemia (“silent hy-
poxemia”) due to the impaired function of central and peripheral chemoreceptors [27-29].
Patients, therefore, often developed excessive respiratory effort inducing severe P-SILI
for an extended period. In most severe cases, the pressure gradient applied to the in-
jured lung during spontaneous breathing was capable of eventually causing structural
disruption of the pulmonary tissue, resulting in the most severe forms of P-SILI associ-
ated with increased mortality—spontaneous pneumothorax, pneumomediastinum, and
pneumopericardium [30,31]. In retrospective studies describing the incidence and clin-
ical features of spontaneous pneumothorax and pneumomediastinum in patients with
COVID-19-related pneumonia, a significant portion of patients presented pneumothorax
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or pneumomediastinum at admission or during the hospital stay before initiation of any
form of invasive ventilation, suggesting the association between vigorous spontaneous
ventilation and progression of lung injury [32,33].

4. Identification of Risk Factors for the P-SILI Development

Early identification of markers of vigorous effort is of fundamental importance for
treating patients at high risk of P-SILI. Below, we will focus on characteristics that can be
monitored at the bedside with standard equipment and minimal invasiveness.

Work of breathing scale. Modern intensive medicine is based on precise monitoring
and therapeutic algorithms arising from the results of clinical trials. However, physiology,
pathophysiology, and clinical examination remain the cornerstones of the best clinical prac-
tice. In an excellent review, Tobin focused on simple clinical signs of increased respiratory
effort and work of breathing, such as nasal flaring, sternomastoid muscle phasic contraction,
tracheal tug (downward motion of the trachea with inspiratory effort), suprasternal fossa
excavation during inspiration, and abdominal muscle use [34]. Nasal flaring, sternoclei-
domastoid muscle activity, abdominal muscle use, and respiratory rate are also included
in the so-called work of breathing (WOB) scale, a simple tool for non-invasive respiratory
effort monitoring and prediction of need for intubation in spontaneously breathing patients.
Apigo et al. have shown in a small sample study that the use of respiratory accessory
muscles resulting in WOB > 4 represents a relevant signal of subsequent high-flow nasal
(HENC) therapy failure [35].

The ROX index is a clinical tool defined as ROX index = (SpO,/FiO,)/RR, where
SpO,—peripheral oxygen saturation; FiO,—fraction of inspired oxygen; and RR—respiratory
rate. The ROX index was proposed as a tool for predicting the failure of HFNC in pneu-
monia patients with hypoxemic respiratory failure [36]. The validity of the ROX index
was repeatedly confirmed in clinical studies, and its correlation with HFNC failure was
confirmed in the meta-analyses of studies in patients with COVID-19-related respiratory
failure [37,38].

The HACOR score, taking into account the hemodynamic response (heart rate; HR),
acid-base status (pH value), consciousness (Glasgow Coma Scale; GCS), arterial oxygena-
tion (Pa02), and respiratory rate (RR), was designed to predict a non-invasive ventilation
failure [39]. In moderate to severe ARDS patients on noninvasive ventilation (NIV) as a
first-line therapy, the reduction of HACOR score after 1-2 h of NIV identified the patients
who responded well to NIV, indicating a lower risk of need for intubation as well as of
mortality [40].

Although the WOB scale, ROX index, and HACOR score are not tools for direct
measurement of the respiratory effort, such combinations of the parameters of gas exchange
and respiratory mechanics might suggest an increased risk of P-SILI in spontaneously
breathing patients or in patients on NIV. Moreover, analyzing the temporal trend of the
WOB scale, ROX index, and /or HACOR score in a patient might help clinicians prevent
unnecessary intubation and identify patients who, on the contrary, would benefit from
early intubation before severe P-SILI develops.

Esophageal and transpulmonary pressure. The inspiratory effort exerted by the res-
piratory muscles is a crucial physiological mechanism contributing to P-SILI development
in patients with spontaneous breathing activity. The esophageal pressure monitoring
is considered clinical gold standard for the measurement of the pressure generated by
the respiratory muscles (i.e., the respiratory muscle pressure, Pmys). The changes in Peg
(esophageal pressure swings; AP¢s) mirror the changes in pleural pressure, and the differ-
ence between the airway pressure (P,y) and Pes represents the transpulmonary driving
pressure [41,42]. However, routine bedside Pes monitoring is limited by its invasiveness
(esophageal balloon manometry) and potential confounding factors (misplacement of the
probe, technical complications, risk of esophageal pressure ulcers, etc.). Therefore, alterna-
tive Ppyys assessment tools were developed and validated in experimental and clinical trials.
Among these methods, the monitoring of nasal pressure swings, airway occlusion pressure



J. Pers. Med. 2023, 13, 593

6 of 14

at 100 ms, expiratory occlusion pressure, flow index, the electrical activity of the diaphragm,
ventilator waveform analysis, and electrical impedance tomography (EIT) represent simple,
non-invasive or minimally invasive tools that are easy to use in daily practice.

Nasal pressure swings. Tonelli et al. evaluated the correlation between APes and
nasal pressure swings (APps) in 61 consecutive spontaneously breathing patients with
acute respiratory failure. One nostril was hermetically closed by the monitoring system
(“nasal plug”), and HFNC was placed into the remaining patent nostril. Patients then
breathed with their mouths closed, and nasal pressure swings were monitored. Interestingly,
the insertion of the nasal plug did not affect inspiratory effort and respiratory rate. APes
and APps strongly correlated on admission and 24 h apart, suggesting the possibility of
estimating esophageal pressure swings from minimal invasive nasal pressure swings [43].

Airway occlusion pressure at 100 ms (Py.1). Pp.; is defined as the negative airway
pressure developed during a brief (100 ms after the onset of the inspiration) airway oc-
clusion. Levels of Py.; less than 1.0 cm H,O suggest an inappropriate respiratory effort
and values greater than 3.5 cm HyO suggest a vigorous respiratory effort [44]. Recently,
pooled data from clinical studies showed Py.; to be a reliable bedside tool for monitoring
the respiratory drive and detecting potentially injurious inspiratory effort [45]. Thanks to
its non-invasiveness and simple monitoring, Py.; has become a routine parameter automat-
ically monitored by modern ventilators.

Expiratory occlusion pressure (APycc) is defined as the total swing in airway pressure
generated by respiratory muscle effort on assisted ventilation when the airway is oc-
cluded. Bertoni et al. studied the relationship between AP and parameters derived from
esophageal manometry (Pmus) and dynamic transpulmonary driving pressure (AP gyp) in
sixteen patients ventilated in pressure support mode. Excessive respiratory effort (Pmus > 10 cm
H,0) and transpulmonary driving pressure (AP qyn > 15 cm HyO) were quite common.
The authors found a significant correlation between AP and both of Pys and APL dyn,
and concluded that measuring AP allows non-invasive detection of elevated respiratory
muscle pressure and transpulmonary driving pressure [46]. Similar results were reported
by Roesthuis et al. in a study on mechanically ventilated patients with COVID-19-related
respiratory failure. Although only a weak correlation was generally found between the mea-
sured and computed APy, and Pmys, excessive effort (AP, > 20 cm HyO and Pryys > 15 cm
H,0) was detected with high sensitivity and specificity [47].

Flow index is a novel non-invasive method based on the analysis of the flow—time
curve in patients on pressure-support ventilation (PSV) to estimate the inspiratory effort.
In these patients, the concavity of the inspiratory flow-time waveform recorded during
pressure support ventilation reflects the inspiratory effort because the effort-induced pres-
sure difference between the airway opening and the alveoli determines the intensity of
the inspiratory flow. Flow index can be calculated using relatively simple software. In
small-sample clinical trials, the calculation of inspiratory effort by flow index agreed with
esophageal-pressure-based methods [48,49].

Electrical Activity of the Diaphragm. Electrical activity of the diaphragm (EAdi)
provides important information about the crural diaphragm. The Pps/EAdi (PEI) index
characterizes the pressure generated by the respiratory muscles in relation to the electrical
activity of the diaphragm, which facilitates the discrimination between the respiratory drive
(electrical activity) and the respiratory effort (generated pressure) [50,51]. The limitation of
EAdi measurement lies in its invasiveness, but small-sample clinical studies confirmed a
significant correlation between EAdi and the diaphragmatic electrical activity measured by
surface electromyography [52,53]. Surface diaphragmatic electromyography may, therefore,
serve as a non-invasive alternative for inspiratory effort monitoring.

Ventilator waveforms analysis provides crucial information on patient-ventilator phys-
iology and interaction. Visual analysis of flow/time and pressure/time curves alongside
clinical examination provide information on patient—ventilator interaction and dyssynchrony.

Electrical impedance tomography (EIT) is a non-invasive, bedside functional imaging
modality allowing breath-to-breath visualization of lung ventilation. During spontaneous
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breathing, EIT can detect the non-homogeneous distribution of lung ventilation and the

pendelluft phenomenon [54].

In Figure 2, noninvasive or minimally invasive bedside tools for detection of potentially

injurious respiratory effort are summarized.
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Figure 2. Noninvasive or minimally invasive bedside tools for detection of potentially injurious
respiratory effort. Blue square—methods of indirect detection of vigorous spontaneous effort in
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patients breathing spontaneously or on noninvasive ventilation. White square—methods applicable
both during spontaneous breathing and mechanical ventilation. Green square—methods applicable
under mechanical ventilation. Abbreviations: WOB—work of breathing; HFENC—high-flow nasal can-
nula; NIV—noninvasive ventilation; SpO,—peripheral oxygen saturation; FiO2—fraction of inspired
oxygen; RR—respiratory rate; HR—heart rate; GCS—Glasgow Coma Scale; paO,—arterial partial
pressure of oxygen; Pes—esophageal pressure; APes—esophageal pressure swings; Pmys—respiratory
muscle pressure; Pp—transpulmonary pressure; Vt—tidal volume; IBW—ideal body weight;
Py.j—airway occlusion pressure at 100 ms; Poc—expiratory occlusion pressure.

5. Prevention and Treatment of P-SILI

Awake-prone position. The effect of early prolonged prone position (PP) was evalu-
ated in 81 awake patients with acute COVID-19-associated respiratory failure requiring
noninvasive ventilatory support. Prone position was associated with fewer incidences of
NIV failure (defined as the need for intubation) and mortality. Moreover, physiological
effects arising from PP were observed—Ilung tissue aeration (defined by lung ultrasound
score), paO; /FiO,, respiratory rate, and plasma levels of inflammatory biomarkers signifi-
cantly improved in patients who underwent PP [55]. These effects of pronation strongly
suggest that the prone position is associated with a reduced risk of self-inflicted lung
injury [56]. The favorable effect of awake prone positioning on paO, /FiO; and respiratory
rate in patients with spontaneous breathing was confirmed in recent meta-analyses [57,58].

Sedation reduces the respiratory drive and may protect the lung from further ag-
gravation of P-SILL. However, long-term sedation is accompanied with increased risk of
ventilator-associated pneumonia, muscle weakness (including diaphragm), and subse-
quent delirium. During the COVID-19 pandemic, high doses of intravenous sedatives
and opioids were reported to achieve sedation and suppress patient-ventilator dyssyn-
chronies [59]. It is noteworthy that sedation scales used in intensive medicine are markers
of arousal but do not correspond to the intensity of respiratory drive. In patients on
mechanical ventilation, respiratory drive monitored by Py.; did not correlate with the
Richmond Agitation-Sedation Scale [60]. The approach of personalized sedation aiming at
maintaining safe levels of dyssynchrony and patient effort while simultaneously allowing
spontaneous ventilation is termed “lung-protective sedation” [61].

In mechanically ventilated patients with ARDS who were (according to the mechanical
parameters of the respiratory system) considered eligible for partial support ventilation,
a reduction in intravenous sedation was accompanied by excessive respiratory effort in
as much as 80% of cases [62]. Therefore, alternative sedation strategies, such as partial
neuromuscular blockade or inhalation sedation, should be considered.

Inhalation sedation allows spontaneous breathing in patients on mechanical venti-
lation while in deep sedation. Landoni et al.’s meta-analysis found a reduced need for
intravenous sedatives and opioids when using inhalation sedation [58]. Alongside seda-
tion, inhaled anesthetics may provide other clinical benefits—bronchodilatation, reduced
inflammation, improved gas exchange, and facilitated awakening [63,64].

Partial neuromuscular blockade is a pharmacological strategy to treat high tidal
volumes and negative pressure swings caused by excessive respiratory effort in patients on
partial ventilatory support. This is achieved by applying neuromuscular blocking agents in
low doses to maintain diaphragm activity and spontaneous ventilation [65,66].

Early protective mechanical ventilation. Although evidence from experimental and
clinical studies suggests that P-SILI is a severe and life-threatening clinical condition, inten-
sivists have no consensus on when to intubate a patient with excessive respiratory effort.
In animal studies with artificially induced lung injury, early use of mechanical ventilation
eventually led to less severe lung injury than leaving them to ventilate spontaneously with
vigorous effort, and mechanical ventilation prevented self-inflicted lung injury if applied
early but not when applied late [6,7,67,68]. Some authors, therefore, advocate that in the
context of high respiratory drive and vigorous respiratory effort, mechanical ventilation
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with lung-protective parameters might be considered a protective therapy to minimize
P-SILI [5,69].

Spontaneous breathing during mechanical ventilation in patients with severe lung
injury remains subject to an ongoing debate amongst intensivists. Active insufflation
of the lung by inspiratory muscle activity improves gas exchange and lung aeration,
mainly in dependent regions, optimizes ventilation—perfusion matching, and prevents
the loss of end-expiratory lung volume (i.e., of the functional residual capacity) [70,71].
Moreover, spontaneous breathing during mechanical ventilation promotes the recovery of
the diaphragmatic thickness and can partially reverse respiratory muscle atrophy. However,
it is still necessary to consider the prevention of excessive effort that can lead to P-SILI
and consequent diaphragmatic myoinjury. In experimental study, spontaneous breathing
was beneficial in animals with mild lung injury; however, in animals with severe lung
injury, spontaneous breathing was associated with a significant increase in atelectasis with
cyclic collapse, higher plateau pressure, and more excessive spontaneous breathing effort,
resulting in the highest transpulmonary pressure and the highest driving pressure. On
the other hand, muscle paralysis in severe lung injury resulted in better oxygenation and
less histological lung injury [8]. Currently, the data from clinical trials are insufficient to
make evidence-based recommendations and guidelines on the strategy of spontaneous
ventilation in mechanically ventilated subjects in the acute phase of ARDS. According to the
expert panel opinion, ventilation with a pressure mode allowing spontaneous ventilation
can be used when ensuring that the tidal volume generated is close to 6 mL/kg predicted
body weight (PBW) and does not exceed 8 mL/kg PBW [72,73].

Extracorporeal membrane oxygenation (ECMO). It is essential to mention that the
beneficial effects of ECMO rather lie in facilitating lung rest and healing than in acting as a
modality of lung treatment per se. Extracorporeal oxygenation and elimination of carbon
dioxide could significantly reduce the patient’s respiratory drive and, therefore, reduce the
risk of excessive respiratory effort in spontaneously breathing patients [74,75]. An “awake
ECMO approach” is based on the implantation of venovenous ECMO in spontaneously
breathing patients to avoid undesirable effects associated with mechanical ventilation
and continuous deep sedation. Avoiding mechanical ventilation could be advantageous,
especially in patients at high risk of pneumothorax or pneumomediastinum [76-78].

Hypoxemia and hypercarbia are the main reasons for instituting mechanical venti-
lation in patients with acute respiratory failure. During the COVID-19 pandemic, large
numbers of COVID-19 patients presented with severe hypoxemia and hypercarbia but
were fully conscious and without subjectively perceived severe discomfort. Lung visualiza-
tion by computed tomography or ultrasound verified severe structural injury of the lung
parenchyma, and the respiratory mechanics of these patients was characterized by vigorous
respiratory effort. A significant portion of patients with COVID-19-related respiratory
failure finally had to be put on mechanical ventilation or ECMO, and the mortality of these
patients was in excess. Therefore, it is important to recognize situations when sponta-
neous respiration with vigorous effort becomes dangerous, further aggravating preexisting
lung injury.

Preventing P-SILI in mechanically ventilated patients with preserved spontaneous
breathing activity is another important issue. Dianti et al. performed an elegant study
on the strategy for minimizing the risk of P-SILI in 30 mechanically ventilated patients.
The approach used to achieve lung- and diaphragm-protective targets (—3 to —8 cm H,O;
dynamic transpulmonary driving pressure 15 cm HyO) was based on (i) successive steps
of titration of sedation, (ii) adjustment of ventilation parameters (including the titration
of the PEEP value to the maximum dynamic compliance) and sweep gas flow (in patients
on ECMO), and (iii) the application of partial neuromuscular blockade. Initially, only six
patients met the goals of lung- and diaphragm-protective targets, but following the study
protocol, these goals were achieved in all monitored patients [62]. P-SILI prevention should
be, therefore, viewed as a complex approach combining different therapeutic modalities
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according to respiratory mechanics and gas exchange parameters. A proposal of therapeutic
algorithm in prevention of P-SILI is presented in Figure 3.

[ SPONTANEOUS BREATHING } MECHANICAL VENTILATION

[ VIGOROUS RESPIRATORY EFFORT PRESENT ]

Adjlust sedation Increase sedation

to minimize pain and anxiety Prone position §
Increase respiratory support

(HENC / NIV) Partial neuromuscular blockade

Increase blood flow or fresh gas

Awake prone position flow if on ECMO

[ IF NOT EFFECTIVE J

) U 3

PNX/PNM present/high risk ‘

Deep sedation

Intubation Full neuromuscular
and protective CMV v blockade
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Figure 3. Proposal of an algorithm for P-SILI prevention and treatment. CMV—controlled mechanical
ventilation, HENC—high-flow nasal cannula; NIV—noninvasive ventilation; PNX—pneumothorax;
PNM—pneumomediastinum; ECMO—extracorporeal membranous oxygenation.

The COVID-19 pandemic provided insight into the field of self-inflicted lung injury, but
many relevant topics remain unsolved. Further research should be focused on identifying
criteria strictly associated with injurious respiratory effort, defining the strategies balancing
the benefits and risks between early and delayed intubation, and interventions minimizing
the disadvantages arising from vigorous effort in patients on mechanical ventilation.

6. Conclusions

Self-inflicted lung injury represents a life-threatening complication in patients with
acute respiratory failure. During vigorous spontaneous breathing, lung tissue is exposed to
the physical forces producing inappropriate stress, strain, pendelluft, and lung congestion,
which induces histopathological and clinical features that further aggravate lung injury.
Clinicians must be aware of the early signs of excessive work of breathing and respiratory
effort. Incorporating clinical signs of the increased work of breathing alongside with WOB
scale, ROX index, or HACOR score in spontaneously breathing patients may help clinicians
prevent unnecessary intubation while also identifying patients who would benefit from
early intubation before severe P-SILI develops. During mechanical ventilation, parameters
estimating Prus may suggest inappropriate respiratory effort. Prevention and treatment
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of P-SILI are multimodal and require detailed evaluation of respiratory mechanics and
mechanisms causing the excessive effort.

Author Contributions: All authors have read and agreed to the published version of the manuscript.
Funding: This research was supported by MH CZ-DRO-FNOs/2022.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Tremblay, L.N,; Slutsky, A.S. Ventilator-induced injury: From barotrauma to biotrauma. Proc. Assoc. Am. Physicians 1998, 110,
482-488. [PubMed]

2. Vincent, J.-L.; Zambon, M. Why Do Patients Who Have Acute Lung Injury/Acute Respiratory Distress Syndrome Die from
Multiple Organ Dysfunction Syndrome? Implications for Management. Clin. Chest Med. 2006, 27, 725-731. [CrossRef] [PubMed]

3. Petrucci, N.; De Feo, C. Lung protective ventilation strategy for the acute respiratory distress syndrome. Cochrane Database Syst.
Rev. 2013, 2013, CD003844. [CrossRef] [PubMed]

4, Cressoni, M.; Gotti, M.; Chiurazzi, C.; Massari, D.; Algieri, I.; Amini, M.; Cammaroto, A.; Brioni, M.; Montaruli, C,;
Nikolla, K.; et al. Mechanical Power and Development of Ventilator-induced Lung Injury. Anesthesiology 2016, 124, 1100-1108.
[CrossRef] [PubMed]

5. Brochard, L.; Slutsky, A.; Pesenti, A. Mechanical Ventilation to Minimize Progression of Lung Injury in Acute Respiratory Failure.
Am. ]. Respir. Crit. Care Med. 2017, 195, 438—-442. [CrossRef]

6. Mascheroni, D.; Kolobow, T.; Fumagalli, R.; Moretti, M.P,; Chen, V.; Buckhold, D. Acute respiratory failure following pharmaco-
logically induced hyperventilation: An experimental animal study. Intensive Care Med. 1988, 15, 8-14. [CrossRef]

7. Yoshida, T.; Uchiyama, A.; Matsuura, N.; Mashimo, T; Fujino, Y. Spontaneous breathing during lung-protective ventilation in an
experimental acute lung injury model. Crit. Care Med. 2012, 40, 1578-1585. [CrossRef]

8. Yoshida, T.; Uchiyama, A.; Matsuura, N.; Mashimo, T.; Fujino, Y. The Comparison of Spontaneous Breathing and Muscle Paralysis
in Two Different Severities of Experimental Lung Injury*. Crit. Care Med. 2013, 41, 536-545. [CrossRef]

9.  Cruces, P; Retamal, ].; Hurtado, D.E.; Erranz, B.; Iturrieta, P.; Gonzalez, C.; Diaz, F. A physiological approach to understand the
role of respiratory effort in the progression of lung injury in SARS-CoV-2 infection. Crit. Care 2020, 24, 494. [CrossRef]

10. Jonkman, A .H.; de Vries, H.; Heunks, L.M.A. Physiology of the Respiratory Drive in ICU Patients: Implications for Diagnosis and
Treatment. Crit. Care 2020, 24, 104. [CrossRef]

11.  Spinelli, E.; Mauri, T.; Beitler, ].R.; Pesenti, A.; Brodie, D. Respiratory drive in the acute respiratory distress syndrome: Pathophys-
iology, monitoring, and therapeutic interventions. Intensive Care Med. 2020, 46, 606—-618. [CrossRef]

12.  Gattinoni, L.; Carlesso, E.; Caironi, P. Stress and strain within the lung. Curr. Opin. Crit. Care 2012, 18, 42—47. [CrossRef]

13.  Gattinoni, L.; Tonetti, T.; Quintel, M. Regional physiology of ARDS. Crit. Care 2017, 21 (Suppl. S3), 312. [CrossRef] [PubMed]

14. Yoshida, T.; Amato, M.B.P,; Grieco, D.L.; Chen, L.; Lima, C.A.S.; Roldan, R.; Morais, C.C.A.; Gomes, S.; Costa, E.L.V.; Cardoso,
PE.G.; et al. Esophageal Manometry and Regional Transpulmonary Pressure in Lung Injury. Am. J. Respir. Crit. Care Med. 2018,
197,1018-1026. [CrossRef]

15.  Yoshida, T.; Torsani, V.; Gomes, S.; De Santis, R.R.; Beraldo, M.A.; Costa, E.L.V,; Tucci, M.R.; Zin, W.A; Kavanagh, B.P.; Amato,
M.B.P. Spontaneous Effort Causes Occult Pendelluft during Mechanical Ventilation. Am. |. Respir. Crit. Care Med. 2013, 188,
1420-1427. [CrossRef] [PubMed]

16. Bachmann, M.C.; Morais, C.; Bugedo, G.; Bruhn, A.; Morales, A.; Borges, ].B.; Costa, E.; Retamal, J. Electrical impedance
tomography in acute respiratory distress syndrome. Crit. Care 2018, 22, 263. [CrossRef]

17.  Cornejo, R.A.; Arellano, D.H.; Ruiz-Rudolph, P.; Guifiez, D.V.; Morais, C.C.A.; Gajardo, A.L].; Lazo, M.T; Brito, R.E.; Cerda, M.A;
Gonzalez, S.J.; et al. Inflammatory biomarkers and pendelluft magnitude in ards patients transitioning from controlled to partial
support ventilation. Sci. Rep. 2022, 12, 20233. [CrossRef]

18. Bhattacharya, M.; Kallet, R.H.; Ware, L.B.; Matthay, M.A. Negative-Pressure Pulmonary Edema. Chest 2016, 150, 927-933.
[CrossRef] [PubMed]

19. Goligher, E.C.; Jonkman, A.H.; Dianti, J.; Vaporidi, K.; Beitler, ].R.; Patel, B.K.; Yoshida, T.; Jaber, S.; Dres, M.; Mauri, T.; et al.
Clinical strategies for implementing lung and diaphragm-protective ventilation: Avoiding insufficient and excessive effort.
Intensive Care Med. 2020, 46, 2314-2326. [CrossRef]

20. Itagaki, T. Diaphragm-protective mechanical ventilation in acute respiratory failure. . Med. Investig. 2022, 69, 165-172. [CrossRef]

21. Saavedra, S.N.; Barisich, P.V.S.; Maldonado, J.B.P.; Lumini, R.B.; Gomez-Gonzalez, A.; Gallardo, A. Asynchronies during invasive

mechanical ventilation: Narrative review and update. Acute Crit. Care 2022, 37, 491-501. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/9824530
http://doi.org/10.1016/j.ccm.2006.06.010
http://www.ncbi.nlm.nih.gov/pubmed/17085258
http://doi.org/10.1002/14651858.CD003844.pub4
http://www.ncbi.nlm.nih.gov/pubmed/23450544
http://doi.org/10.1097/ALN.0000000000001056
http://www.ncbi.nlm.nih.gov/pubmed/26872367
http://doi.org/10.1164/rccm.201605-1081CP
http://doi.org/10.1007/BF00255628
http://doi.org/10.1097/CCM.0b013e3182451c40
http://doi.org/10.1097/CCM.0b013e3182711972
http://doi.org/10.1186/s13054-020-03197-7
http://doi.org/10.1186/s13054-020-2776-z
http://doi.org/10.1007/s00134-020-05942-6
http://doi.org/10.1097/MCC.0b013e32834f17d9
http://doi.org/10.1186/s13054-017-1905-9
http://www.ncbi.nlm.nih.gov/pubmed/29297365
http://doi.org/10.1164/rccm.201709-1806OC
http://doi.org/10.1164/rccm.201303-0539OC
http://www.ncbi.nlm.nih.gov/pubmed/24199628
http://doi.org/10.1186/s13054-018-2195-6
http://doi.org/10.1038/s41598-022-24412-1
http://doi.org/10.1016/j.chest.2016.03.043
http://www.ncbi.nlm.nih.gov/pubmed/27063348
http://doi.org/10.1007/s00134-020-06288-9
http://doi.org/10.2152/jmi.69.165
http://doi.org/10.4266/acc.2022.01158

J. Pers. Med. 2023, 13, 593 12 of 14

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Blanch, L.; Villagra, A.; Sales, B.; Montanya, ].; Lucangelo, U.; Lujan, M.; Garcia-Esquirol, O.; Chacén, E.; Estruga, A ; Oliva, ].C.; et al.
Asynchronies during mechanical ventilation are associated with mortality. Intensive Care Med. 2015, 41, 633-641. [CrossRef]
[PubMed]

Kyo, M.; Shimatani, T.; Hosokawa, K.; Taito, S.; Kataoka, Y.; Ohshimo, S.; Shime, N. Patient-ventilator asynchrony, impact
on clinical outcomes and effectiveness of interventions: A systematic review and meta-analysis. ]. Intensive Care 2021, 9, 50.
[CrossRef] [PubMed]

Gattinoni, L.; Chiumello, D.; Caironi, P.; Busana, M.; Romitti, F.; Brazzi, L.; Camporota, L. COVID-19 pneumonia: Different
respiratory treatments for different phenotypes? Intensive Care Med. 2020, 46, 1099-1102. [CrossRef]

Marini, J.J.; Dellinger, R.P; Brodie, D. Integrating the evidence: Confronting the COVID-19 elephant. Intensive Care Med. 2020, 46,
1904-1907. [CrossRef]

Tonelli, R.; Marchioni, A.; Tabbi, L.; Fantini, R.; Busani, S.; Castaniere, I.; Andrisani, D.; Gozzi, F.; Bruzzi, G.; Manicardi, L.; et al.
Spontaneous Breathing and Evolving Phenotypes of Lung Damage in Patients with COVID-19: Review of Current Evidence and
Forecast of a New Scenario. J. Clin. Med. 2021, 10, 975. [CrossRef] [PubMed]

Busana, M.; Gasperetti, A.; Giosa, L.; Forleo, G.B.; Schiavone, M.; Mitacchione, G.; Bonino, C.; Villa, P.; Galli, M.; Tondo, C.; et al.
Prevalence and outcome of silent hypoxemia in COVID-19. Minerva Anestesiol. 2021, 87, 325-333. [CrossRef] [PubMed]
Porzionato, A.; Emmi, A.; Contran, M.; Stocco, E.; Riccetti, S.; Sinigaglia, A.; Macchi, V.; Barzon, L.; De Caro, R. Case Report: The
Carotid Body in COVID-19: Histopathological and Virological Analyses of an Autopsy Case Series. Front. Immunol. 2021, 12,
736529. [CrossRef]

Lambermont, B.; Davenne, E.; Maclot, F; Delvenne, P. SARS-CoV-2 in carotid body. Intensive Care Med. 2021, 47, 342-343.
[CrossRef] [PubMed]

Elabbadi, A.; Urbina, T.; Berti, E.; Contou, D.; Planteféve, G.; Soulier, Q.; Milon, A.; Carteaux, G.; Voiriot, G.; Fartoukh, M.; et al.
Spontaneous pneumomediastinum: A surrogate of P-SILI in critically ill COVID-19 patients. Crit. Care 2022, 26, 350. [CrossRef]
Shahsavarinia, K.; Rahvar, G.; Soleimanpour, H.; Saadati, M.; Vahedi, L.; Mahmoodpoor, A. Spontaneous pneumomediastinum,
pneumothorax and subcutaneous emphysema in critically ill COVID-19 patients: A systematic review. Pak. ]. Med. Sci. 2022, 38,
730-735. [CrossRef]

Melhorn, J.; Achaiah, A.; Conway, EM.; Thompson, EM.E,; Skyllberg, E.W.; Durrant, J.; Hasan, N.A.; Madani, Y.; Naran, P;
Vijayakumar, B.; et al. Pneumomediastinum in COVID-19: A phenotype of severe COVID-19 pneumonitis? The results of the UK
POETIC survey. Eur. Respir. ]. 2022, 60, 2102522. [CrossRef] [PubMed]

Woo, W.; Kipkorir, V.; Marza, A.M.; Hamouri, S.; Albawaih, O.; Dhali, A.; Kim, W.; Udwadia, Z.F.; Nashwan, A.].; Shaikh, N.; et al.
Prognosis of Spontaneous Pneumothorax/Pneumomediastinum in Coronavirus Disease 2019: The CoBiF Score. J. Clin. Med.
2022, 11, 7132. [CrossRef] [PubMed]

Tobin, M.J]. Why Physiology Is Critical to the Practice of Medicine. Clin. Chest Med. 2019, 40, 243-257. [CrossRef] [PubMed]
Apigo, M,; Schechtman, J.; Dhliwayo, N.; Al Tameemi, M.; Gazmuri, R.J]. Development of a work of breathing scale and monitoring
need of intubation in COVID-19 pneumonia. Crit. Care 2020, 24, 477. [CrossRef]

Roca, O.; Messika, J.; Caralt, B.; Garcia-De-Acilu, M.; Sztrymf, B.; Ricard, J.-D.; Masclans, J.R. Predicting success of high-flow nasal
cannula in pneumonia patients with hypoxemic respiratory failure: The utility of the ROX index. J. Crit. Care 2016, 35, 200-205.
[CrossRef]

Prakash, J.; Bhattacharya, PK.; Yadav, A.K.; Kumar, A.; Tudu, L.C; Prasad, K. ROX index as a good predictor of high flow nasal
cannula failure in COVID-19 patients with acute hypoxemic respiratory failure: A systematic review and meta-analysis. J. Crit.
Care 2021, 66, 102-108. [CrossRef] [PubMed]

Zhou, X,; Liy, J.; Pan, J.; Xu, Z.; Xu, J. The ROX index as a predictor of high-flow nasal cannula outcome in pneumonia patients
with acute hypoxemic respiratory failure: A systematic review and meta-analysis. BMC Pulm. Med. 2022, 22, 121. [CrossRef]
[PubMed]

Duan, J.; Han, X,; Bai, L.; Zhou, L.; Huang, S. Assessment of heart rate, acidosis, consciousness, oxygenation, and respiratory rate
to predict noninvasive ventilation failure in hypoxemic patients. Intensive Care Med. 2017, 43, 192-199. [CrossRef] [PubMed]
Bai, L.; Ding, F,; Xiong, W.; Shu, W,; Jiang, L.; Liu, Y.; Duan, J. Early assessment of the efficacy of noninvasive ventilation tested
by HACOR score to avoid delayed intubation in patients with moderate to severe ARDS. Ther. Adv. Respir. Dis. 2022, 16,
17534666221081042. [CrossRef]

Grasso, S.; Stripoli, T. Transpulmonary Pressure-based Mechanical Ventilation in Acute Respiratory Distress Syndrome. From
Theory to Practice? Am. J. Respir. Crit. Care Med. 2018, 197, 977-978. [CrossRef]

Mietto, C.; Malbrain, M.L.; Chiumello, D. Transpulmonary pressure monitoring during mechanical ventilation: A bench-to-
bedside review. Anaesthesiol. Intensive Ther. 2015, 47, 27-37. [CrossRef] [PubMed]

Tonelli, R.; Cortegiani, A.; Marchioni, A.; Fantini, R.; Tabbi, L.; Castaniere, I.; Biagioni, E.; Busani, S.; Nani, C.; Cerbone, C.; et al.
Nasal pressure swings as the measure of inspiratory effort in spontaneously breathing patients with de novo acute respiratory
failure. Crit. Care 2022, 26, 70. [CrossRef] [PubMed]

Telias, I.; Junhasavasdikul, D.; Rittayamai, N.; Piquilloud, L.; Chen, L.; Ferguson, N.; Goligher, E.C.; Brochard, L. Airway
Occlusion Pressure As an Estimate of Respiratory Drive and Inspiratory Effort during Assisted Ventilation. Am. J. Respir. Crit.
Care Med. 2020, 201, 1086-1098. [CrossRef]


http://doi.org/10.1007/s00134-015-3692-6
http://www.ncbi.nlm.nih.gov/pubmed/25693449
http://doi.org/10.1186/s40560-021-00565-5
http://www.ncbi.nlm.nih.gov/pubmed/34399855
http://doi.org/10.1007/s00134-020-06033-2
http://doi.org/10.1007/s00134-020-06195-z
http://doi.org/10.3390/jcm10050975
http://www.ncbi.nlm.nih.gov/pubmed/33801368
http://doi.org/10.23736/S0375-9393.21.15245-9
http://www.ncbi.nlm.nih.gov/pubmed/33694360
http://doi.org/10.3389/fimmu.2021.736529
http://doi.org/10.1007/s00134-021-06351-z
http://www.ncbi.nlm.nih.gov/pubmed/33481041
http://doi.org/10.1186/s13054-022-04228-1
http://doi.org/10.12669/pjms.38.3.5529
http://doi.org/10.1183/13993003.02522-2021
http://www.ncbi.nlm.nih.gov/pubmed/35144988
http://doi.org/10.3390/jcm11237132
http://www.ncbi.nlm.nih.gov/pubmed/36498706
http://doi.org/10.1016/j.ccm.2019.02.012
http://www.ncbi.nlm.nih.gov/pubmed/31078207
http://doi.org/10.1186/s13054-020-03176-y
http://doi.org/10.1016/j.jcrc.2016.05.022
http://doi.org/10.1016/j.jcrc.2021.08.012
http://www.ncbi.nlm.nih.gov/pubmed/34507079
http://doi.org/10.1186/s12890-022-01914-2
http://www.ncbi.nlm.nih.gov/pubmed/35365110
http://doi.org/10.1007/s00134-016-4601-3
http://www.ncbi.nlm.nih.gov/pubmed/27812731
http://doi.org/10.1177/17534666221081042
http://doi.org/10.1164/rccm.201801-0132ED
http://doi.org/10.5603/AIT.a2015.0065
http://www.ncbi.nlm.nih.gov/pubmed/26575165
http://doi.org/10.1186/s13054-022-03938-w
http://www.ncbi.nlm.nih.gov/pubmed/35331323
http://doi.org/10.1164/rccm.201907-1425OC

J. Pers. Med. 2023, 13, 593 13 of 14

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Telias, I.; Spadaro, S. Techniques to monitor respiratory drive and inspiratory effort. Curr. Opin. Crit. Care 2020, 26, 3-10.
[CrossRef]

Bertoni, M.; Telias, I.; Urner, M.; Long, M.; Del Sorbo, L.; Fan, E.; Sinderby, C.; Beck, J.; Liu, L.; Qiu, H.; et al. A novel non-invasive
method to detect excessively high respiratory effort and dynamic transpulmonary driving pressure during mechanical ventilation.
Crit. Care 2019, 23, 346. [CrossRef] [PubMed]

Roesthuis, L.; Berg, M.V.D.; van der Hoeven, H. Non-invasive method to detect high respiratory effort and transpulmonary
driving pressures in COVID-19 patients during mechanical ventilation. Ann. Intensive Care 2021, 11, 26. [CrossRef]

Albani, F; Fusina, F; Ciabatti, G.; Pisani, L.; Lippolis, V.; Franceschetti, M.E.; Giovannini, A.; di Mussi, R.; Murgolo, F; Rosano, A.; et al.
Flow Index accurately identifies breaths with low or high inspiratory effort during pressure support ventilation. Crit. Care 2021,
25,427. [CrossRef]

Miao, M.-Y.; Chen, W.; Zhou, Y.-M.; Gao, R; Song, D.-].; Wang, S.-P.; Yang, Y.-L.; Zhang, L.; Zhou, J.-X. Validation of the flow
index to detect low inspiratory effort during pressure support ventilation. Ann. Intensive Care 2022, 12, 89. [CrossRef]

Bellani, G.; Mauri, T.; Coppadoro, A.; Grasselli, G.; Patroniti, N.; Spadaro, S.; Sala, V.; Foti, G.; Pesenti, A. Estimation of Patient’s
Inspiratory Effort From the Electrical Activity of the Diaphragm®*. Crit. Care Med. 2013, 41, 1483-1491. [CrossRef]

Coppadoro, A.; Rona, R.; Bellani, G.; Foti, G. A brief airway occlusion is sufficient to measure the patient’s inspiratory ef-
fort/electrical activity of the diaphragm index (PEI). J. Clin. Monit. Comput. 2021, 35, 183-188. [CrossRef] [PubMed]

GrafShoff, J.; Petersen, E.; Farquharson, F.; Kustermann, M.; Kabitz, H.-J.; Rostalski, P.; Walterspacher, S. Surface EMG-based
quantification of inspiratory effort: A quantitative comparison with Pes. Crit. Care 2021, 25, 441. [CrossRef]

Bellani, G.; Bronco, A.; Marocco, S.A.; Pozzi, M.; Sala, V.; Eronia, N.; Villa, G.; Foti, G.; Tagliabue, G.; Eger, M.; et al. Measurement
of Diaphragmatic Electrical Activity by Surface Electromyography in Intubated Subjects and Its Relationship With Inspiratory
Effort. Respir. Care 2018, 63, 1341-1349. [CrossRef] [PubMed]

Jimenez, J.V.; Weirauch, A.].; Culter, C.A.; Choi, PJ.; Hyzy, R.C. Electrical Impedance Tomography in Acute Respiratory Distress
Syndrome Management. Crit. Care Med. 2022, 50, 1210-1223. [CrossRef]

Musso, G.; Taliano, C.; Molinaro, F.; Fonti, C.; Veliaj, D.; Torti, D.; Paschetta, E.; Castagna, E.; Carbone, G.; Laudari, L.; et al.
Early prolonged prone position in noninvasively ventilated patients with SARS-CoV-2-related moderate-to-severe hypoxemic
respiratory failure: Clinical outcomes and mechanisms for treatment response in the PRO-NIV study. Crit. Care 2022, 26, 118.
[CrossRef] [PubMed]

Chiumello, D.; Chiodaroli, E.; Coppola, S.; Borlino, S.C.; Granata, C.; Pitimada, M.; Garcia, P.D.W. Awake prone position reduces
work of breathing in patients with COVID-19 ARDS supported by CPAP. Ann. Intensive Care 2021, 11, 179. [CrossRef]

Fazzini, B.; Page, A.; Pearse, R.; Puthucheary, Z. Prone positioning for non-intubated spontaneously breathing patients with acute
hypoxaemic respiratory failure: A systematic review and meta-analysis. Br. |. Anaesth. 2022, 128, 352-362. [CrossRef]

Reddy, M.P; Subramaniam, A.F,; Afroz, A.; Billah, B.; Lim, Z.].; Zubarev, A.M.; Blecher, G.F; Tiruvoipati, R.F.; Ramanathan, K.M.;
Wong, S.N.M.; et al. Prone Positioning of Nonintubated Patients with Coronavirus Disease 2019—A Systematic Review and
Meta-Analysis. Crit. Care Med. 2021, 49, e1001-e1014. [CrossRef]

Landoni, G.; Belloni, O.; Russo, G.; Bonaccorso, A.; Cara, G.; Jabaudon, M. Inhaled Sedation for Invasively Ventilated COVID-19
Patients: A Systematic Review. J. Clin. Med. 2022, 11, 2500. [CrossRef]

Dzierba, A.L.; Khalil, A.M.; Derry, K.L.; Madahar, P.M.; Beitler, ]. R.M. Discordance Between Respiratory Drive and Sedation
Depth in Critically Ill Patients Receiving Mechanical Ventilation. Crit. Care Med. 2021, 49, 2090-2101. [CrossRef]

Kassis, E.B.; Beitler, J.R.; Talmor, D. Lung-protective sedation: Moving toward a new paradigm of precision sedation. Intensive
Care Med. 2023, 49, 91-94. [CrossRef] [PubMed]

Dianti, J.; Fard, S.; Wong, J.; Chan, T.C.Y.; Del Sorbo, L.; Fan, E.; Amato, M.B.P; Granton, ].; Burry, L.; Reid, W.D.; et al. Strategies
for lung- and diaphragm-protective ventilation in acute hypoxemic respiratory failure: A physiological trial. Crit. Care 2022, 26,
259. [CrossRef] [PubMed]

Jabaudon, M.; Boucher, P.; Imhoff, E.; Chabanne, R.; Faure, J.-S.; Roszyk, L.; Thibault, S.; Blondonnet, R.; Clairefond, G.; Guérin,
R.; et al. Sevoflurane for Sedation in Acute Respiratory Distress Syndrome. A Randomized Controlled Pilot Study. Am. |. Respir.
Crit. Care Med. 2017, 195, 792-800. [CrossRef] [PubMed]

Jerath, A.; Slessarev, M. The impact of the coronavirus pandemic on sedation in critical care: Volatile anesthetics in the ICU. Curr.
Opin. Crit. Care 2023, 29, 14-18. [CrossRef]

Doorduin, J.; Nollet, J.L.; Roesthuis, L.H.; Van Hees, H.W.H.; Brochard, L.J.; Sinderby, C.A.; Van Der Hoeven, ].G.; Heunks, L.M.A.
Partial Neuromuscular Blockade during Partial Ventilatory Support in Sedated Patients with High Tidal Volumes. Am. |. Respir.
Crit. Care Med. 2017, 195, 1033-1042. [CrossRef]

Sombhorst, P.; Groot, M.W.; Gommers, D. Partial neuromuscular blockage to promote weaning from mechanical ventilation in
severe ARDS: A case report. Respir. Med. Case Rep. 2018, 25, 225-227. [CrossRef]

Hurtado, D.E.; Erranz, B.; Lillo, F.; Sarabia-Vallejos, M.; Iturrieta, P.; Morales, E; Blaha, K.; Medina, T.; Diaz, E; Cruces, P.
Progression of regional lung strain and heterogeneity in lung injury: Assessing the evolution under spontaneous breathing and
mechanical ventilation. Ann. Intensive Care 2020, 10, 107. [CrossRef]

Bachmann, M.C.; Cruces, P.; Diaz, F.; Oviedo, V.; Goich, M.; Fuenzalida, J.; Damiani, L.F.; Basoalto, R.; Jalil, Y.; Carpio, D.; et al.
Spontaneous breathing promotes lung injury in an experimental model of alveolar collapse. Sci. Rep. 2022, 12, 12648. [CrossRef]
[PubMed]


http://doi.org/10.1097/MCC.0000000000000680
http://doi.org/10.1186/s13054-019-2617-0
http://www.ncbi.nlm.nih.gov/pubmed/31694692
http://doi.org/10.1186/s13613-021-00821-9
http://doi.org/10.1186/s13054-021-03855-4
http://doi.org/10.1186/s13613-022-01063-z
http://doi.org/10.1097/CCM.0b013e31827caba0
http://doi.org/10.1007/s10877-020-00459-1
http://www.ncbi.nlm.nih.gov/pubmed/31919632
http://doi.org/10.1186/s13054-021-03833-w
http://doi.org/10.4187/respcare.06176
http://www.ncbi.nlm.nih.gov/pubmed/30389829
http://doi.org/10.1097/CCM.0000000000005582
http://doi.org/10.1186/s13054-022-03937-x
http://www.ncbi.nlm.nih.gov/pubmed/35488356
http://doi.org/10.1186/s13613-021-00967-6
http://doi.org/10.1016/j.bja.2021.09.031
http://doi.org/10.1097/CCM.0000000000005086
http://doi.org/10.3390/jcm11092500
http://doi.org/10.1097/CCM.0000000000005113
http://doi.org/10.1007/s00134-022-06901-z
http://www.ncbi.nlm.nih.gov/pubmed/36239747
http://doi.org/10.1186/s13054-022-04123-9
http://www.ncbi.nlm.nih.gov/pubmed/36038890
http://doi.org/10.1164/rccm.201604-0686OC
http://www.ncbi.nlm.nih.gov/pubmed/27611637
http://doi.org/10.1097/MCC.0000000000001011
http://doi.org/10.1164/rccm.201605-1016OC
http://doi.org/10.1016/j.rmcr.2018.09.008
http://doi.org/10.1186/s13613-020-00725-0
http://doi.org/10.1038/s41598-022-16446-2
http://www.ncbi.nlm.nih.gov/pubmed/35879511

J. Pers. Med. 2023, 13, 593 14 of 14

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Gattinoni, L.; Gattarello, S.; Steinberg, I.; Busana, M.; Palermo, P.; Lazzari, S.; Romitti, F.; Quintel, M.; Meissner, K.; Marini,
J.J.; etal. COVID-19 pneumonia: Pathophysiology and management. Eur. Respir. Rev. 2021, 30, 210138. [CrossRef]

Van Haren, F; Pham, T.; Brochard, L.; Bellani, G; Laffey, J.; Dres, M.; Fan, E.; Goligher, E.; Heunks, L.; Lynch, J.; et al. Spontaneous
Breathing in Early Acute Respiratory Distress Syndrome. Crit. Care Med. 2019, 47, 229-238. [CrossRef]

Giildner, A.; Pelosi, P.; De Abreu, M.G. Spontaneous breathing in mild and moderate versus severe acute respiratory distress
syndrome. Curr. Opin. Crit. Care 2014, 20, 69-76. [CrossRef] [PubMed]

Papazian, L.; Aubron, C.; Brochard, L.; Chiche, J.-D.; Combes, A.; Dreyfuss, D.; Forel, ].M.; Guérin, C.; Jaber, S.; Mekontso-Dessap,
A.; et al. Formal guidelines: Management of acute respiratory distress syndrome. Ann. Intensive Care 2019, 9, 69. [CrossRef]
Hohmann, E,; Wedekind, L.; Grundeis, F,; Dickel, S.; Frank, J.; Golinski, M.; Griesel, M.; Grimm, C.; Herchenhahn, C.; Kramer, A.; et al.
Early spontaneous breathing for acute respiratory distress syndrome in individuals with COVID-19. Cochrane Database Syst. Rev.
2022, 6, CD015077. [CrossRef]

Crotti, S.; Bottino, N.; Spinelli, E. Spontaneous breathing during veno-venous extracorporeal membrane oxygenation. J. Thorac.
Dis. 2018, 10 (Suppl. S5), S661-5669. [CrossRef]

Langer, T.; Vecchi, V.; Belenkiy, S.M.; Cannon, ].W.; Chung, K.K.; Cancio, L.C.; Gattinoni, L.; Batchinsky, A.I. Extracorporeal
Gas Exchange and Spontaneous Breathing for the Treatment of Acute Respiratory Distress Syndrome. Crit. Care Med. 2014, 42,
e211-e220. [CrossRef]

Paternoster, G.; Bertini, P; Belletti, A.; Landoni, G.; Gallotta, S.; Palumbo, D.; Isirdi, A.; Guarracino, F. Venovenous Extracorporeal
Membrane Oxygenation in Awake Non-Intubated Patients with COVID-19 ARDS at High Risk for Barotrauma. J. Cardiothorac.
Vasc. Anesth. 2022, 36, 2975-2982. [CrossRef] [PubMed]

Umlauf, J.; Eilenberger, S.; Spring, O. Successful Treatment of a Patient with COVID-19-Induced Severe ARDS, Pneumothorax,
and Pneumomediastinum with Awake vv-ECMO Implantation. Case Rep. Crit. Care 2022, 2022, 6559385. [CrossRef] [PubMed]
Soroksky, A.; Tocut, M.; Rosman, Z.; Dekel, H. Awake extracorporeal membrane oxygenation in a patient with COVID-19
pneumonia and severe hypoxemic respiratory failure. Eur. Rev. Med. Pharmacol. Sci. 2022, 26, 1761-1764. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1183/16000617.0138-2021
http://doi.org/10.1097/CCM.0000000000003519
http://doi.org/10.1097/MCC.0000000000000055
http://www.ncbi.nlm.nih.gov/pubmed/24335656
http://doi.org/10.1186/s13613-019-0540-9
http://doi.org/10.1002/14651858.cd015077
http://doi.org/10.21037/jtd.2017.10.27
http://doi.org/10.1097/CCM.0000000000000121
http://doi.org/10.1053/j.jvca.2022.03.011
http://www.ncbi.nlm.nih.gov/pubmed/35537972
http://doi.org/10.1155/2022/6559385
http://www.ncbi.nlm.nih.gov/pubmed/35965847
http://doi.org/10.26355/eurrev_202203_28246

	Introduction 
	Experimental Evidence of P-SILI 
	Pathophysiology of P-SILI 
	Identification of Risk Factors for the P-SILI Development 
	Prevention and Treatment of P-SILI 
	Conclusions 
	References

