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Abstract: Advanced respiratory monitoring encompasses a diverse range of mini- or noninvasive
tools used to evaluate various aspects of respiratory function in patients experiencing acute respi-
ratory failure, including those requiring extracorporeal membrane oxygenation (ECMO) support.
Among these techniques, key modalities include esophageal pressure measurement (including de-
rived pressures), lung and respiratory muscle ultrasounds, electrical impedance tomography, the
monitoring of diaphragm electrical activity, and assessment of flow index. These tools play a critical
role in assessing essential parameters such as lung recruitment and overdistention, lung aeration
and morphology, ventilation/perfusion distribution, inspiratory effort, respiratory drive, respiratory
muscle contraction, and patient–ventilator synchrony. In contrast to conventional methods, advanced
respiratory monitoring offers a deeper understanding of pathological changes in lung aeration caused
by underlying diseases. Moreover, it allows for meticulous tracking of responses to therapeutic
interventions, aiding in the development of personalized respiratory support strategies aimed at
preserving lung function and respiratory muscle integrity. The integration of advanced respiratory
monitoring represents a significant advancement in the clinical management of acute respiratory
failure. It serves as a cornerstone in scenarios where treatment strategies rely on tailored approaches,
empowering clinicians to make informed decisions about intervention selection and adjustment. By
enabling real-time assessment and modification of respiratory support, advanced monitoring not
only optimizes care for patients with acute respiratory distress syndrome but also contributes to
improved outcomes and enhanced patient safety.

Keywords: respiratory monitoring; ECMO; acute respiratory failure; electrical impedance
tomography; esophageal pressure; transpulmonary pressure; lung ultrasound; diaphragm ultrasound;
electrical activity of the diaphragm

1. Introduction

Hypoxemic acute respiratory failure (ARF) and acute respiratory distress syndrome
(ARDS) stand out as well-recognized causes of intensive care unit (ICU) admissions [1]. In
patients with severe ARDS and refractory respiratory failure, veno-venous extracorporeal
membrane oxygenation (vv-ECMO) assumes a critical role in their care [2]. During vv-
ECMO, blood is drained through a venous cannula commonly positioned in the femoral
vein. Blood is oxygenated by an artificial membrane lung and subsequently reinfused
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through another (reinfusion) cannula, positioned in the femoral or jugular vein. Several
trials have demonstrated encouraging outcomes and benefits in favor of vv-ECMO in the
most severe ARDS cases of varying etiology [3–7].

When devising a respiratory support strategy, it is imperative to consider both the
severity and history of the underlying lung condition. Furthermore, it is essential to be
mindful of potential harm that could be inflicted on the lungs and respiratory muscles
due to improper management of mechanical ventilation. It should be emphasized that
injuries to these components may arise either during spontaneous breathing or be provoked
by inadequately configured ventilator parameters [8,9]. Currently, clinicians can utilize
ventilator-assessed pressures to ensure protective mechanical ventilation, with the aim of
mitigating ventilator-induced lung injury [10]. Strategies targeting the reduction of these
adverse effects focus on assessing and decreasing total stress (transpulmonary pressure) and
strain (the ratio of tidal volume to functional residual capacity) on aerated lung tissue [11].
Evidence supports the efficacy, in reducing ventilator-induced lung injury and mortality,
of restraining tidal volume to 4–8 mL/kg of predicted body weight, maintaining plateau
pressure below 30 cmH2O [12], maintaining driving pressure (the difference between
plateau pressure and positive end-expiratory pressure) below 13 cmH2O [13], and reducing
respiratory rate [14]. These approaches are grounded in fundamental thermodynamic
principles, suggesting that lung injury arises from the transfer of mechanical power from
the ventilator to the patient, leading to energy dissipation within the lungs, potentially
resulting in heat generation, inflammation, and structural deformation of cells and the
extracellular matrix [15].

Advanced respiratory monitoring holds the potential to play a pivotal role in assessing
lung morphology and further optimizing mechanical ventilation to safeguard both lung
parenchyma and respiratory muscles. Consequently, it promises to facilitate the early
identification of patients at increased risk of lung and respiratory muscle injuries [16]
(Figure 1).
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Figure 1. Patients with acute respiratory failure necessitate different ventilatory supports (green
boxes) according to disease severity. In these patients, several advanced respiratory monitoring
techniques (light blue boxes) can be applied to assess and resolve several important issues (dark blue
boxes). This approach aims to guarantee protective mechanical ventilation to the lung and respiratory
muscles, tailored to the characteristics of every single patient (red boxes).

The present review is focused on describing bedside tools employed for advanced
respiratory monitoring, i.e., the assessment of transpulmonary pressure (Pl), esophageal
pressure (Pes), pressure generated by inspiratory muscles (Pmusc), flow index, and electri-
cal activity of the diaphragm (EAdi), as well as ultrasound of the lung (LUS), diaphragm
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(DUS), and respiratory muscles, and electrical impedance tomography (EIT), with a partic-
ular emphasis on patients undergoing ECMO (Figure 2).
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Figure 2. In patients with acute respiratory failure, even those receiving extracorporeal membrane
oxygenation, advanced respiratory monitoring must be used including different tools like electrical
impedance tomography, esophageal and transpulmonary pressures, lung and diaphragm ultrasonog-
raphy, the electrical activity of the diaphragm, and flow index.

2. Lung Recruitment and Overdistention: Esophageal Pressure and
Transpulmonary Pressure

Esophageal pressure (Pes) is assessed through a dedicated esophageal catheter equipped
with a balloon [17] to estimate pleural pressure (Ppl) [18].

Proper placement of the esophageal balloon is essential, with it typically situated
approximately 35–40 cm from the nostril, beyond the heart, and inflated with air.

Transpulmonary pressure (Pl) denotes the pressure disparity between the alveoli and
the pleural space. This is determined by measuring the difference between alveolar pres-
sure and Ppl [17]. When assessed without airflow, Pl signifies the pressure acting solely
on the lung, assuming open airways [17]. Ensuring the reliability of Pes measurements
is paramount, with this requiring adherence to a series of meticulous steps [19]. Correct
positioning is verified by observing changes in the tracing pattern, indicative of passive
or spontaneously breathing patients. Additionally, cardiac oscillations can help confirm
proper positioning. An occlusion test is necessary to rule out mispositioning, with the
Pes-to-airway pressure ratio ideally falling within the range of 0.8–1.2 [20]. Ultimately, Pes
evaluation can be influenced by various effects [21], reflecting the elastic properties of the
esophageal balloon and the repercussions determined on the esophageal wall. Calibra-
tion procedures typically mitigate these artifacts. This involves adjusting the volume of
air insufflated into the esophageal balloon to achieve the maximum change in the trace
between end-inspiration and expiration [22,23]. These factors underscore the importance of
experience in using Pes measurements, as well as ongoing debates regarding their reliability
in estimating Ppl. Figure 3 summarizes the steps required to obtain reliable values from
esophageal catheter measurements.
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Figure 3. The steps required to achieve correct esophageal catheter positioning are summarized from
left to right. In order to obtain reliable measures, all of the steps need to be strictly followed.

During mechanical ventilation, the pressure delivered to the respiratory system facili-
tates the expansion of the chest wall and lungs, overcoming resistive loads in the presence
of airflow [17]. The monitoring and analysis of the generated pressures are of clinical
relevance, aiding in discriminating the contribution made by the lung and chest wall.

In supine patients, Ppl follows a ventral-to-dorsal gradient, resulting in higher Ppl in
dependent lung regions compared to non-dependent zones. This sternal-to-vertebral Ppl
gradient directly corresponds to the vertical superimposed pressure gradient across the
lung [24,25]. A vertical pressure gradient has been observed in both healthy individuals
and those with ARDS [26]. In ARDS, the superimposed pressure gradient is elevated due to
disrupted gas-to-tissue ratio distribution throughout the lung [26]. In experimental research
involving lung-injured pigs with direct monitoring of Ppl and Pes, expiratory Pl computed
from Pes aligned with expiratory distending pressure in dependent and mid-lung regions
at varying positive end-expiratory pressures (PEEP) [24]. In the same setting, inspiratory
distending pressure correlated with inspiratory Pl computed through elastance-derived
methods in non-dependent lung regions and inspiratory Pes-computed Pl in mid and
dependent lung regions [24].

The mechanical properties of the lung and chest may be compromised by different con-
ditions during ARDS [27]. Lung impairment typically results from the underlying disease,
while chest wall abnormalities can stem from factors like edema, abdominal distension,
and pleural effusion occurring during IMV [27]. In ARDS patients undergoing IMV, Pl
assessment allows for the guiding of lung recruitment and the avoidance of overdistention.
Setting PEEP to counter expiratory Pl has been suggested in ARDS patients and healthy
subjects undergoing elective pelvic robotic surgery [28–30]. Recently, the EPVent2 trial
has demonstrated that a Pes-guided strategy resulted in no significant difference in death
and days free from mechanical ventilation when compared to a high-PEEP/FiO2 table in
patients intubated for moderate-to-severe ARDS [29].

In a cohort of patients diagnosed with influenza A (H1N1)-related ARDS who were
referred to a regional ECMO center due to refractory hypoxemia under IMV, the imple-
mentation of PEEP guided by Pl yielded several benefits. It should be noted, however,
that this approach assumed that the measurement of Pes remained unchanged in relation
to changes in lung volume or local gradients in pleural pressure. This assumption may
have led to imprecise conclusions. Nevertheless, this approach resulted in the improved
mechanical characteristics of the respiratory system, enhanced oxygenation, and facilitated
the implementation of a protective lung ventilation strategy [31]. Moreover, the partitioning
of respiratory mechanics between the lung and chest wall proved crucial in discerning
whether the applied ventilator pressure was directed toward the lung or dissipated across
a stiff chest wall. This approach helps to identify which patients could benefit from vv-
ECMO [31]. Following this approach based on the open lung concept guided by Pl, patients
who fulfilled all of the criteria for vv-ECMO, as outlined in the EOLIA trial [4], showed
an increase in oxygenation and improved lung respiratory compliance. Consequently, it
can prevent the need for ECMO [32]. PEEP can also be set according to the lowest elas-
tance of the respiratory system identified during a stepwise decreasing PEEP trial [33].
However, the lowest elastance of the respiratory system might be associated with negative
end-expiratory Pl [34].

On the other hand, ventilator-induced lung injury (VILI) is sustained by regional
overdistention occurring during protective tidal ventilation [35]. Both inspiratory Pl and



J. Clin. Med. 2024, 13, 2541 5 of 16

transpulmonary driving pressure reflect the direct pressure exerted on the lung during
insufflation. Limiting inspiratory Pl derived from elastance to 20–25 cmH2O appears
reasonable to prevent overdistention in non-dependent lung regions [36]. Confirming
previous results [29], a transpulmonary driving pressure ≥12 cmH2O, rather than an
elastance-derived inspiratory Pl ≥ 24 cmH2O, showed as a mortality risk factor at 60 days.

In ARDS patients undergoing vv-ECMO, a ventilator strategy based on Pl helped
clinicians to identify a higher PEEP, ensuring lower driving pressure and mechanical
power, when compared to a lung rest ventilator strategy [37]. This Pl-based approach
improved weaning success from vv-ECMO (from 48% to 71%) and reduced the levels of
some cytokines (i.e., IL-1β, IL-6, and IL-8) [37]. In addition, mortality at 6 months was also
reduced from 56% to 36% [37].

It is recognized that the use of an ultraprotective ventilatory strategy that combines
lower tidal volume, lower plateau pressure, and lower driving pressure is associated with a
reduced inflammatory response [38]. Therefore, applying advanced respiratory monitoring
to identify optimal mechanical ventilation strategies and settings could facilitate a reduction
in the risk of VILI and improve patient outcomes.

Since the goal of vv-ECMO is to guarantee oxygen delivery to organs while minimizing
VILI [39–41], apneic oxygenation may also be a viable option to reduce the mechanical
power applied to the lungs [33]. Once lung dysfunction resolves, IMV and spontaneous
breathing can be progressively reinstated to allow for vv-ECMO weaning [39] and prevent
diaphragm dysfunction [42].

Spontaneous breathing offers several advantages for the lung and diaphragm in ARDS
patients, enhancing gas exchange and preventing muscular atrophy [43–45]. However, in
severe ARDS, both spontaneous and assisted breathing may have detrimental effects on
the injured lung and diaphragm. In spontaneously breathing patients and those receiving
properly configured NIRS or assisted IMV for severe ARDS, forceful inspiratory efforts
may cause an excessive drop in Ppl and an increase in dynamic and static alveolar pressure,
non-uniformly distributed throughout the lungs [46]. In these scenarios, dependent lung
regions close to the diaphragm undergo more pronounced Ppl fluctuations compared to
aerated non-dependent lung regions. This leads to the pendelluft phenomenon (i.e., alveolar
gas switches from non-dependent to dependent lung zones at the start of inspiration),
a recognized risk factor for patient self-induced lung injury (P-SILI) [46]. For patients
admitted with severe ARDS at risk of P-SILI, despite the absence of definitive Pl reference
values, maintaining Pl below the upper limit of 20–25 cmH2O should help to mitigate
harmful inspiratory efforts during active or assisted breath [36].

A strategy for lung- and diaphragm-protective ventilation has also been attempted in
vv-ECMO patients through the modulation of sedation, ventilator settings, and sweep gas
flow [47]. Increasing sweep gas flow effectively and consistently reduced respiratory effort
and lung-distending pressure [47]. The increase in sweep gas flow was shown to reduce
the swing of Pes not only in intubated ARDS patients [47] but also in patients undergoing
vv-ECMO during spontaneous breathing or NIRS because of COPD exacerbation, ARDS,
or as a bridge to lung transplantation [48]. Therefore, Pes monitoring would be advisable
to guarantee safety and to guide clinicians in ventilator and ECMO settings.

Pes can also guide weaning from vv-ECMO in patients with spontaneous breathing
activity during a stepwise decrease in sweep gas flow. In fact, if negative swings of
Pes are <15 cm H2O at a respiratory rate of <30 breaths/min, this can facilitate the safe
decannulation of the patient [49].

In conclusion, the positioning of an esophageal catheter enables the assessment of Pes
and Pl. These pressures serve as valuable guides for clinicians in determining the optimal
PEEP for each patient, ensuring positive Pl at expiration. Furthermore, Pl can assist ICU
physicians in establishing a protective tidal volume, with the aim of limiting inspiratory
Pl to 20–25 cmH2O. It is important to note that utilizing an esophageal catheter demands
trained and skilled personnel for its proper positioning, calibration, and measurement
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assessments. For these reasons, the use of Pes and Pl is not generally employed in clinical
practice but instead only by a few expert centers or in research settings.

3. Lung Aeration: Lung Ultrasound and Electrical Impedance Tomography

ARDS is characterized by several physio-pathological modifications of the lungs
whereby consolidation due to inflammatory edema of alveolar and interstitial spaces, con-
gestion of pulmonary capillaries, and atelectasis alternate with normally aerated areas [50].
In ARDS patients, a computed tomography (CT) scan is the standard radiological examina-
tion to evaluate lung morphology and assess the aeration changes resulting from PEEP and
prone positioning application [50]. However, the use of radiation and its non-applicability
at the bedside limit CT scan execution. LUS and EIT may represent valid tools to constantly
assess lung aeration in ARDS patients at the bedside.

LUS evaluates lung morphology in real time [51]. As previously described [51,52],
different patterns and scores of lung aeration can be assessed through LUS by switching
from a normally aerated lung to consolidation: normal aeration (A-pattern—score 0),
characterized by the reverberation of a sliding pleural line at regular intervals (lines A),
eventually associated with B-lines < 3; moderate loss of aeration (B1-pattern—score 1) with
well-spared B-lines ≥ 3 at regular interval or coalescent B lines originating from <50% of
the pleural line; and severe aeration loss (B2-pattern—score 2) with multiple coalescent
B-lines originating from >50% of the pleural line (total loss of aeration (C-pattern—score 3)
with consolidation expressed by a tissue-like pattern.

In case of complete loss of aeration, LUS permits its characterization into inflammatory
consolidation or atelectasis based on the presence or absence of a dynamic bronchogram,
respectively, with a close correlation with CT scans [53].

The thorax can be scanned over twelve zones through LUS, six per hemithorax, de-
lineated by the sternum, anterior, and posterior axillary lines in the anterior, lateral, and
posterior regions, with each one divided into superior and inferior areas. Thus, the global
LUS score ranges from a minimum of 0 (best aeration) to a maximum of 36 (total loss of
aeration) [51]. LUS application in critically ill patients has progressively grown in the last
30 years [54]. In ARDS patients, lung monitoring using LUS has been demonstrated to
be useful for tracking disease progression over time and evaluating the response to ther-
apies [55,56]. In particular, LUS allows for the assessment of lung recruitment following
PEEP application [55] as well as the improvement of fluid administration during ARF [56].
LUS helps in the identification of patients potentially responsive to prone positioning ac-
cording to the focal distribution of the disease [57]. Moreover, LUS has been demonstrated
to be useful in identifying patients at risk of weaning failure due to weaning-induced
pulmonary edema [58]. From this perspective, a comprehensive ultrasound assessment
involving the lung, heart, and respiratory muscles is desirable to support clinical judgement
in dealing with patients undergoing weaning from IMV [59–61]. LUS has been demon-
strated to correlate with findings in CT scans or chest X-rays, even in patients undergoing
ECMO [62]. For this reason, serial evaluations with LUS were extensively used during the
recent COVID-19 pandemic in ECMO patients instead of CT scans or chest X-rays [63,64].
LUS can be used daily to monitor the modification of lung consolidation [65] and for the
early detection of the development of hospital-acquired pneumonia [66]. Typical features
have been reported to be the consolidation of lower lobes, diffuse pulmonary edema, and
the presence of a color Doppler intrapulmonary flow or dynamic air bronchogram within
consolidations [66]. LUS score has a strong negative association with the severity of lung
disease, as assessed through the dynamic compliance of the respiratory system [67]. LUS
can also quantify lung recruitment in ARDS patients undergoing ECMO [68]; this is of
clinical interest since patients with a high potential for lung recruitment have a shorter ICU
stay and ECMO duration [69]. In addition, the maximum LUS value is highly predictive of
the prognosis of COVID-19 patients [70]. Ultimately, LUS offers the benefit of decreasing
healthcare expenses for patients with ARDS, and it does not require the transport of patients
to radiological departments for chest CT scans, thereby reducing the associated risks [71].
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Besides these advantages, LUS does not allow for the assessment of overdistension
during mechanical ventilation [50]. In addition, despite its extensive use during the
COVID-19 pandemic both in and outside the ICU to provide a qualitative and quantitative
description of lung involvement [51], there is a learning curve; at least 25 supervised
examinations seem to be necessary to achieve basic competency in LUS. Furthermore, no
consensus exists on the advanced/quantitative assessment of lung aeration [72].

EIT is a noninvasive, radiation-free, bedside, and real-time lung monitoring technique
that tracks the modification of lung ventilation. EIT examination consists of the placement
of a silicon belt with 16 to 32 electrodes, between the fourth and sixth intercostal space.
By applying low currents through pairs of electrodes, EIT measures the resulting voltages
from impedance changes, and it provides data on lung ventilation and perfusion [73,74].
Through the assessment of ventilation distribution and end-expiratory lung volume, EIT is
a valuable tool to assist clinicians in defining the optimal personalized ventilator settings
(i.e., PEEP and tidal volume) in patients with ARF and/or ARDS [73,75].

In ARDS patients, the application of high PEEP may be detrimental and associated
with alveolar overdistension and hemodynamic instability [76]. EIT can assess the recruited
and overdistended lung volume at changes in PEEP values by analyzing the variation
in end-expiratory lung impedance (EELI) [77]. The “optimal” PEEP value can be easily
detected by performing a decremental PEEP trial [78]. During a decremental PEEP trial after
a maximal recruiting maneuver, the “optimal” PEEP value was defined by the intercept
point of cumulated collapse and overdistension percentage curves [78]. This strategy has
also been applied in patients receiving ECMO for different reasons [79–82], even after
prone positioning during ECMO [83]. Something that is noteworthy is that the “optimal”
PEEP selected with EIT was shown to have good concordance with the value selected
by the physician according to the combination of mechanical respiratory criteria, cardiac
ultrasonography, and/or hemodynamic tolerance [80,81].

Another method, described below, was proposed by Eronia et al. [77]. According to
this procedure [77], after the application of a recruiting maneuver, a PEEP value was set. If
the EELI decreased more than 10% within 10 min after recruitment, PEEP was increased by
2 cmH2O, and recruitment was reapplied. In turn, the “optimal” PEEP value was defined
as the lowest one avoiding an EELI decrease of <10% [77]. As proposed by Zhao et al., the
optimal PEEP is also supposed to be associated with more homogeneous gas distribution
within the lung, i.e., the lowest inhomogeneity index [84].

EIT has been employed to assess alveolar gas distribution and pendelluft phenomenon
in patients subjected to assisted IMV for ARF [85] and in an experimental acute lung
injury model of spontaneous breathing [45]. It has been demonstrated that occult pendelluft
increasingly occurs with the progressive reduction in ventilatory support [85] and increased
spontaneous breathing effort [45]. Thus, in the presence of this anomalous alveolar gas
distribution detected through EIT systems at the bedside, clinicians are facilitated in the
timely application of all those corrective measures aimed at abolishing vigorous inspiratory
effort and pendelluft and, consequently, preventing P-SILI [46].

EIT has been recently used to monitor lung ventilation/perfusion distribution mis-
match too. Perfusion EIT is based on the administration of a 10 mL hypertonic (5 to 10%)
saline bolus during an expiratory hold maneuver. This technique could be an adjunctive
bedside tool to identify patients with pulmonary embolism [86] or to assess the modifica-
tion of ventilation/perfusion mismatch after PEEP changes [87] or prone positioning [88],
even in patients undergoing ECMO [89].

In summary, LUS and EIT are valuable bedside imaging techniques, each contributing
unique data. LUS aids in evaluating lung edema and consolidation, while EIT focuses
on ventilation distribution and overdistension detection. These combined insights assist
clinicians in tailoring individualized PEEP settings for ARDS patients, including those on
vv-ECMO support. Despite requiring some training, their noninvasive nature has led to
the widespread adoption of these advanced monitoring tools.
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4. Inspiratory Effort: Pressure Generated by Inspiratory Muscles, Flow Index, Electrical
Activity of the Diaphragm, and Ultrasound of Respiratory Muscles

During spontaneous breathing, inspiratory muscles generate pressure (Pmus), defined
as the difference between chest wall recoil (Pcw) and Pes swing [36]. The pressure–time
product of Pes (PTPes), i.e., the integral of Pes variation over inspiratory time, represents
the parameter used to assess the patient’s inspiratory effort [17].

In four COPD patients failing to wean from IMV and set to undergo extracorporeal
carbon dioxide removal (ECCO2-R), PTPes were also used to measure inspiratory effort be-
fore and after ECCO2-R during a T-piece trial [90]. In this report, the authors demonstrated
that decreasing inspiratory effort was likely to cause a decrease in the CO2 production
of respiratory muscles. In patients with hypercapnia, this reduction contributes to an
overall decrease in total CO2 production. In such scenarios, the use of ECCO2-R may effec-
tively remove enough CO2 to lower ventilator demand, potentially enabling spontaneous
unassisted breathing [90].

More recently, direct interpretation of flow waveform showed a strong correlation
with Pes-derived data [91,92]. Flow index mathematically describes the pattern of the
flow waveform during inspiratory phases [92]. The elevated flow index defines vigorous
inspiratory effort and closely relates to elevation in Pmus and PTPes values. Cut-off values
have also been defined: a flow index higher than 4.5 accurately detects breaths with high
inspiratory effort, whereas a flow index lower than 2.6 predicts low inspiratory effort [91].

Electrical activity of the diaphragm (EAdi) is the signal closest to respiratory centers’
output, measurable at the bedside [93]. Similar to Pes, EAdi monitoring requires invasive
monitoring, but it allows for the driving of neurally adjusted ventilatory assist [94]. EAdi
varies according to the patient’s level of assistance, and its peak values tightly correlate
with Pes and Pmus to quantify inspiratory effort [95]. In this regard, the ratio between
the pressure generated against an occluded airway (during expiratory hold) and the corre-
sponding signal from EAdi is defined as neuro-mechanical efficiency of the diaphragm, and
it strongly correlates with the information conveyed by Pes during tidal ventilation [96].

EAdi monitoring has proven feasible in patients undergoing vv-ECMO while recov-
ering from ARDS [97,98]. Indeed, the increase in sweep gas flow allows for an increase
in carbon dioxide clearance from the membrane lung (i.e., oxygenator), while reducing
breathing effort [97,98]. All in all, EAdi provides useful clinical information and can effi-
ciently guide protective assisted ventilation [96,99]. Nonetheless, diaphragm weakness and
activation of accessory inspiratory muscles are both common in critical illness. This may
contribute to the underestimation of the patient’s real effort with EAdi. Furthermore, wide
heterogeneity in the EAdi signal has been documented [99], prompting further research on
its meaning.

Assessing respiratory muscles through ultrasound provides a noninvasive, repro-
ducible tool readily available at the bedside. Diaphragm ultrasonography (DUS) requires
quick training [100]; however, it does not permit continuous monitoring. During the
respiratory cycle, DUS can quantitatively estimate variation in diaphragm thickness and
thickening fraction, providing an estimate of inspiratory effort [101]. Diaphragmatic thick-
ening fraction has been shown to have a tight correlation with PTPes and EAdi [101]. In
patients undergoing veno-arterial ECMO, thickening fraction was used to monitor the
modification of inspiratory effort at varying sweep gas flows [102], with the findings be-
ing in line with those of other studies [97,98]. Clinically relevant outcomes have recently
been linked to variation in diaphragmatic thickening fraction [43]. Both increasing and
decreasing diaphragmatic thickening fraction are related to prolonged ventilation and
poor outcomes [43,103]; this is possibly due to diaphragm injury from under- or over-
assistance [43]. Apparently, improved outcomes and the shortest duration of ventilation are
related to maintaining a diaphragmatic thickening fraction close to 15–30% [43]. Thickening
fraction was also used to identify the presence of diaphragm dysfunction in ARDS patients
undergoing veno-venous ECMO [104]. In this population, the presence of diaphragm
dysfunction after 7 days of ECMO was not associated with the cumulative percentage of
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spontaneous breathing or any other clinical outcomes [104]. Another parameter assessed
through DUS is diaphragmatic excursion during spontaneous breathing [105,106]. Its
combination with the rapid shallow breathing index during a T-piece trial enhanced the
prediction of weaning failure [105,107]. A recent consensus highlighted other ultrasound
techniques as possible advances in diaphragm evaluation [105]. Recent trials on both
healthy subjects and critically ill patients showed tissue Doppler imaging of diaphragmatic
excursion as a valid technique to track diaphragm excursion kinetics [108,109]. Diaphrag-
matic excursion tissue Doppler imaging-derived parameters showed significant differences
between weaning success and failure [109] as well as extubation success and failure [108].
Namely, weaning failure and extubation failure were strongly associated with higher peak
contraction velocities and more rapid diaphragmatic relaxation [108,109]. Possibly, these
represent dynamic compensations for excessive muscular load [108,109]. Diaphragmatic
speckle tracking is another fascinating ultrasound evaluation of tissue contraction [110].
New diaphragmatic speckle tracking algorithms have been recently evaluated in healthy
diaphragm assessment, detecting increased diaphragmatic effort with high reliability [110].

Finally, sonographic assessment of expiratory muscles has recently been proven possi-
ble in mechanically ventilated patients [111]. Integrated assessment of critically ill patient
respiratory dynamics represents a challenge for further research.

In conclusion, assessing inspiratory effort and muscles involves multiple techniques
that complement each other in understanding the complex axis from respiratory centers
(EAdi) to muscular contraction (Pes and DUS). While EAdi and Pes may not be universally
available at all centers, DUS offers significant advantages. It is easy to learn and per-
form, requiring only a standard ultrasonographic machine, which is typically available in
all ICUs.

5. Patient–Ventilator Asynchrony: Esophageal Pressure, Electrical Activity of the
Diaphragm, and Diaphragm Ultrasound

Patient–ventilator asynchrony, defined as a lack of coordination between patient effort
and ventilator assistance during both IMV and NIRS [112,113], poses a significant challenge
in patient care. Incidences of asynchronous events exceeding 10% occur in up to 25% of
patients undergoing IMV and in up to 80% of those receiving NIRS [112,113]. Importantly,
high incidence has been associated with worsened patient outcomes [112]. Recognizing
patient–ventilator asynchrony is crucial for implementing corrective maneuvers to reduce
its occurrence [112].

Although initially proposed, the observation of ventilator waveforms has low sen-
sitivity in identifying asynchronous events for both expert and non-expert physicians,
during both IMV and NIRS, indicating the need for additional signals, such as Pes [17]
and EAdi [112,113]. DUS has recently been proposed to aid physicians in recognizing
asynchronous events during IMV [114] and NIRS [115] at the bedside. However, this
method, while highly performant, requires the import of ventilator waveforms into the
ultrasound machine during diaphragm displacement assessment [115].

Some automatic and validated algorithms have been proposed and validated to
recognize patient–ventilator asynchrony, through the analysis of the entire ventilator wave-
form [116] or solely the expiratory flow curve [117]. Other proposed algorithms for the
detection of asynchronies are based on airflow spectral analysis [118] or the equation of
motion [119]. Finally, a computerized method combining EAdi with flow and Paw sig-
nal analysis assures greater accuracy of asynchronous detection as compared to visual
inspection of ventilator curves [120].

In ARDS patients receiving vv-ECMO, a few are known to display patient–ventilator
asynchrony. In 10 ARDS patients undergoing vv-ECMO, Mauri et al. reported a high
incidence of asynchronous events during PSV with two different cycling-off settings; of
note, the incidence of asynchronies was inversely correlated with respiratory system static
compliance [121].
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Patient–ventilator interaction remains a significant concern during assisted mechan-
ical ventilation, even in patients supported by vv-ECMO. These interactions have been
associated with adverse outcomes, underscoring the importance of monitoring them closely
with appropriate signals. Implementing corrective measures to minimize their occurrence
is crucial for optimizing patient care.

6. Advanced Respiratory Monitoring in Weaning from vv-ECMO

Before considering weaning from vv-ECMO and preparing for decannulation, it is
crucial to assess the adequacy of gas exchange reserve. Specifically, it must be guaranteed
that there is a PaO2 ≥ 70 mmHg with an FiO2 ≤ 60% and a PEEP ≤ 10 cmH2O. Additionally,
the mechanical ventilator settings should include a tidal volume of 6 mL/kg of predicted
body weight, with a plateau pressure ≤ 28 cmH2O and a respiratory rate ≤ 28 breaths/min.
For the initial assessment of oxygenation capability, one approach is to decrease ECMO
flow to 1–1.5 LPM while ensuring the patient maintains adequate oxygenation. Alterna-
tively, ECMO flow can be maintained while gradually weaning the fraction of delivered
oxygen. To evaluate ventilatory reserve, the patient should tolerate a low sweep gas flow
(<2 LPM). These conditions should result in acceptable pH and PaCO2 levels without
excessive work for breathing and/or an excessive respiratory rate. As weaning is a grad-
ual process spanning hours to days, arterial blood gases should be monitored regularly
throughout the entire process [39].

In the vv-ECMO weaning process, advanced respiratory monitoring may be of guid-
ance. For example, the assessment of Pes and Pl may guide clinicians toward settings with
the best PEEP, avoiding overdistension [29]. This may also be guided using EIT [79–82].
As already mentioned above, Pes can also serve as a valuable guide for weaning from
vv-ECMO in patients exhibiting spontaneous breathing activity during a stepwise decrease
in sweep gas flow. Specifically, if negative swings of Pes are <15 cmH2O at a respiratory rate
of <30 breaths/min, this can facilitate the safe decannulation of the patient [49]. Another
important issue to be investigated and detected during vv-ECMO weaning is the presence
of diaphragm dysfunction, which can be assessed through DUS. Although not associated
with the worsening of vv-ECMO outcomes [104], it is well known that the presence of
diaphragm dysfunction prolongs weaning from mechanical ventilation and may predict
weaning failure [105,107].

7. Conclusions

Regarding the optimal treatment of ARDS, there are still many aspects that need clari-
fication. These encompass a spectrum of issues, including the optimization of spontaneous
breathing, the adjustment of tidal volume, and the customization of ventilation parameters
based on lung volume and perfusion. Furthermore, there is ongoing debate regarding
the effectiveness of higher PEEP compared to prone positioning, as well as the preference
for alternative ventilation modes such as airway pressure release ventilation (APRV) and
high-frequency oscillatory ventilation (HFOV). Additionally, the potential expansion of
extracorporeal carbon dioxide removal and vv-ECMO applications warrants further inves-
tigation [122,123], which will undoubtedly be the focus of future investigations. Against
this backdrop, ensuring adequate monitoring, particularly in complex cases requiring
extracorporeal support, becomes paramount. Such vigilant monitoring not only yields
crucial insights into lung status but also facilitates the optimization and personalization of
therapies, with the ultimate goal of enhancing patient outcomes. So far, there has not been
a definitive superiority of one technique over another, particularly in the context of patients
undergoing vv-ECMO. Consequently, each center should choose its techniques based on
experience, clinical purpose, and, last but not least, personalizing the choice based on the
patient and the disease’s severity. This aspect is of pivotal importance in the perspective of
tailoring mechanical ventilation to the patient rather than the disease.
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