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A_ cute respiratory failure is one of the leading causes of
echanical ventilation initiation and intensive care unit
(ICU) admission." Since the early stages of acute respiratory
failure management, in establishing the respiratory support
strategy, it is essential to be aware of the potential damage to the
lung and respiratory muscles resulting from improper regula-
tion of mechanical ventilation. Injuries to these structures can
either happen during spontaneous breathing or be triggered
by inadequate ventilator settings.>® To date, however, despite
the identification of specific targets for diaphragm-protective
ventilation and the proposal for potential strategies for an
integrated protection of the lung and diaphragm,* there are
sparse data on the clinical impact of such an approach.
Advanced respiratory monitoring involves several non-
invasive or minimally invasive technologies, safely applica-
ble at the bedside, to conduct an in-depth evaluation of the
lung and respiratory muscles.’ The assessment of the esoph-
ageal pressure and electrical activity of the diaphragm, elec-
trical impedance tomography, and ultrasound of the lung
and respiratory muscles are potentially useful to support
physicians in the daily management of acute respiratory
failure, specific to the protection of the lung and respira-
tory muscles (fig. 1). Despite the information conveyed by
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ABSTRACT

Advanced respiratory monitoring involves several mini- or noninvasive tools,
applicable at bedside, focused on assessing lung aeration and morphology,
lung recruitment and overdistention, ventilation—perfusion distribution, inspi-
ratory effort, respiratory drive, respiratory muscle contraction, and patient—
ventilator asynchrony, in dealing with acute respiratory failure. Compared to
a conventional approach, advanced respiratory monitoring has the potential to
provide more insights into the pathologic modifications of lung aeration induced
by the underlying disease, follow the response to therapies, and support cli-
nicians in setting up a respiratory support strategy aimed at protecting the

lung and respiratory muscles. Thus, in the clinical management of the acute g
respiratory failure, advanced respiratory monitoring could play a key role when §j

a therapeutic strategy, relying on individualization of the treatments, is adopted.

(AnesTHEsIoLogY 2023; 138:317-34)

advanced respiratory monitoring tools and the technology
implementation available in the clinical practice, their clin-
ical use is still limited, probably due to the numerous skills
required in their application.

In recent years, several articles providing new insights on
the application of these technologies in clinical and research
fields have published.”" Thus, we prepared the current
review focused on rendering an updated description of the
tools employed at bedside for advanced respiratory monitor-
ing. In particular, we shed light on how these technologies
work and what measures they provide, discuss their clinical
usefulness, and review the current evidence supporting their
application in acute respiratory failure when part of a person-
alized strategy for lung and respiratory muscles protection.

Esophageal Pressure

Esophageal pressure is used as a surrogate for pleural pres-
sure, and variations in esophageal pressure are indicative of
pleural pressure changes on the lung surface.' The assess-
ment of esophageal pressure is obtained through a dedi-
cated esophageal catheter equipped with an air-filled or
liquid-filled esophageal balloon and connected to a pressure

This article has been selected for the Anesthesiology CME Program (www.asahg.org/JCME2023MAR). Learning objectives and disclosure and ordering information can be found
in the CME section at the front of this issue. This article is featured in “This Month in Anesthesiology,” page A1. Supplemental Digital Content is available for this article. Direct URL
citations appear in the printed text and are available in both the HTML and PDF versions of this article. Links to the digital files are provided in the HTML text of this article on the
Journal’s Web site (www.anesthesiology.org). Jerrold H. Levy, M.D., FA.H.A., F.C.C.M., served as Handling Editor for this article.

Submitted for publication July 30, 2022. Accepted for publication December 15, 2022.

Gianmaria Cammarota, M.D., Ph.D.. Department of Medicine and Surgery, Universita degli Studi di Perugia, Perugia, Italy.

Rachele Simonte, M.D.: Department of Medicine and Surgery, Universita degli Studi di Perugia, Perugia, Italy.

Federico Longhini, M.D.: Department of Medical and Surgical Science, Universita della Magna Graecia, Catanzaro, Italy.

Savino Spadaro, M.D.: Department of Translational Medicine for Romagna, Universita degli Studi di Ferrara, Ferrara, Italy.

Luigi Vetrugno, M.D.: Department of Anesthesiology and Intensive Care, Ospedale SS Annunziata & Dipartimento di Tecnologie Innovative in Medicina e Odontoiatria, Universita di

Chieti-Pescara, Chieti, Italy.

Edoardo De Robertis, M.D., Ph.D.: Department of Medicine and Surgery, Universita degli Studi di Perugia, Perugia, Italy.
Copyright © 2023, the American Society of Anesthesiologists. All Rights Reserved. Anesthesiology 2023; 138:317-34. DOI: 10.1097/ALN.0000000000004480

MARCH 2023

317

€20z Aenuged g0 uo 3senb Aq jpd-81.000-0'00£0£202/991.289/.1.€/£/8¢< L /3pd-sjonie/ABojoiseyiseue/Bio byese sqnd;/:dny woly pep!


www.anesthesiology.org

318

REVIEW ARTICLE

Esophageal
Pressure

PP

Esophageal
Pressure

Electrical activity

of the diaphragm

Electrical impedance tomography

=

Ultrasound

Electrical activity
of the diaphragm

Electrical
impedance
tomography

Lung and
respiratory
muscles
ultrasound

Fig. 1. Advanced respiratory monitoring in acute respiratory failure. These technologies can be used from the early stage of the disease,
with patient in spontaneous breath or noninvasive respiratory support, and during invasive mechanical ventilation in passive and active
conditions. In these contexts, advanced respiratory monitoring provides useful information on the cause of acute respiratory failure and
the characterization of lung involvement. Also, these tools allow the assessment of intratidal gas distribution and lung aeration in terms of
overdistention and collapse as well as pulmonary perfusion and ventilation—perfusion matching. In recovering from acute respiratory failure,
advanced respiratory monitoring technologies offer an in-depth evaluation of patient—ventilator interaction in terms of inspiratory effort and
respiratory muscles activation, respiratory drive, and patient—ventilator synchrony.

transducer at its proximal tip."”” The procedure for catheter
placement allows the positioning of the esophageal balloon
midway between the apex and the base of the lung, gener-
ally at 35 to 45 cm from the nostrils. '

In clinical and research contexts, the esophageal pres-
sure assessment is used for the partitioning of respiratory
mechanics into chest wall component and pulmonary com-
ponent'® and the computation of transpulmonary pressure,
the real pressure distending the lung. The computation
of transpulmonary pressure is obtained through different
approaches, the most used of which are the direct method
and elastance-derived method.""® According to the direct
method, transpulmonary pressure is obtained by subtract-
ing esophageal pressure from airway pressure,'’ while the
elastance-derived method accounts for lung stress induced
by ventilation."” However, the reliability of absolute values
of esophageal pressure in reflecting absolute values of pleu-
ral pressure is controversial. Indeed, the absolute values of
esophageal pressure can be influenced by respiratory system
mechanical properties, lung volume, weight of the medias-
tinum, abdominal pressure, body position, esophageal wall
reaction, and the elastic recoil of the esophageal balloon as

Anesthesiology 2023; 138:317-34

well as lung disease distribution and asymmetry.'® Pleural
pressure is not homogenously distributed in the chest, and
esophageal pressure cannot represent the pleural pressure
acting on the whole lung surface. Indeed, in the supine
position, pleural pressure develops along a vertical gradient
from the nondependent to the dependent chest,’ which is
magnified in acute respiratory distress syndrome (ARDS)
patients.?' Accordingly, transpulmonary pressure diminishes
from nondependent to dependent lung. In supine posi-
tion, the esophagus is exposed to mediastinal weight, with
a hypothesized increase in esophageal pressure on average
of 5cm H,O above pleural pressure.”> Also, it has been
demonstrated that the two methods for transpulmonary
pressure computation yield conflicting results, definitively
questioning the accuracy of the esophageal manometry in
representing regional pressure across the lung.” To cor-
rect the artifacts related to esophageal wall contraction in
response to balloon inflation and balloon elastic recoil, an
ad hoc procedure of balloon calibration has been proposed
in both invasive controlled mechanical ventilation and
assisted breathing.>*” This procedure relies on the identi-
fication of the optimal esophageal balloon filling volume

Cammarota ef al.
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able to optimize the transmission of the esophageal pressure
tidal swings, and removal of the artifacts responsible for an
incorrect increase in esophageal pressure above the pleural
pressure, i.e., esophageal wall and balloon elastance, respec-

tively. >’

By insufflating the esophageal balloon with the
optimal filling volume, a validation occlusion test has been
demonstrated to be passed a posteriori in a higher percentage
of cases compared to uncalibrated volume, with which the
test was passed in 57% and 52% of the cases in passive and
active conditions.?

Recent findings support the validity of esophageal
manometry, provided a proper calibration of the esophageal
balloon is assured.® In experimental conditions of lung-in-
jured pigs and human cadavers subjected to direct pleural
and esophageal pressure monitoring in the supine position,®
the vertical gradient of pleural pressure was confirmed. The
directly measured transpulmonary pressure reflected the
pressure acting on the dependent and midlung adjacent to
the esophageal balloon during both inspiration and expira-
tion (fig. 2). The overestimation of pleural pressure due to
mediastinal weight on the esophageal balloon was not con-
firmed, probably due to the suspension of the heart by peri-

cardial ligaments and the wide distribution of atelectasis.

Monitoring Acute Respiratory Failure

In the same setting,® the end-inspiratory transpulmonary
pressure computed through the elastance-derived method
matched the end-inspiratory pressure acting on the nonde-
pendent lung regions (fig. 2). Indeed, in contrast with mid-
and dependent lung regions, transpulmonary pressure was
close to 0 at a low positive end-expiratory pressure (PEEP)
in nondependent lung zones when lung volume approxi-
mated functional residual capacity.

As a clinical implication, in acute respiratory failure
patients undergoing invasive mechanical ventilation,
transpulmonary pressure assessment is potentially useful
to recruit collapsed lung by counterbalancing negative
directly measured end-expiratory transpulmonary pressure
and avoiding overdistension by reducing end-inspiratory
elastance-derived transpulmonary pressure.'” However, a
personalized ventilatory strategy setting PEEP to over-
come negative expiratory transpulmonary pressure has
been suggested in patients with ARDS with conflicting
results.?®? In a randomized trial conducted in intubated
ARDS patients,” PEEP adjusted according to measure-
ments of esophageal pressure was superior to a ventilatory
strategy with PEEP set according to low PEEP/fractional

inspired oxygen tension table® in improving oxygenation
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Fig. 2. Transpulmonary pressure. The vertical pleural pressure gradient along with the methods suggested for computation of transpulmo-
nary pressure are represented. In supine patients, pleural pressure varies according to a vertical gradient, lower in nondependent lung and
higher in dependent lung. As a consequence, the pressure developed across the lung, namely transpulmonary pressure, is higher in nonde-
pendent lung compared to dependent lung. The directly measured transpulmonary pressure reflects the pressure acting on the dependent
and midlung adjacent to the esophageal balloon (red solid circle) during both inspiration and expiration. The end-inspiratory transpulmonary
pressure computed by the elastance-derived method represents the end-inspiratory pressure acting on the nondependent lung regions.
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and mechanics. Conversely, esophageal pressure—guided
PEEP provided no benefits in terms of a composite out-
come including mortality and ventilator-free days at 28
days compared to an empirically set high PEEP-fraction
of inspired oxygen, in a larger and multicenter random-
ized trial conducted in ARDS patients.?” Despite these
findings, the survival of patients subgroup characterized
by a less severe multiple organ dysfunction was higher
in the arm with an esophageal pressure-guided positive
end-expiratory pressure in a secondary analysis of the
EPVent-2 trial.>! On the other hand, ventilator-induced
lung injury is sustained by regional overdistention occur-
ring during tidal ventilation.”? Limiting the elastance-de-
rived inspiratory transpulmonary pressure under 20 to
25cm H,O seems a reasonable approach to avoid over-
distention in the nondependent lung regions (table 1)."
Consistent with previous results,” a transpulmonary
driving pressure 12cm H,O or greater, rather than an
elastance-derived inspiratory transpulmonary pressure of
24cm H,O or more, has been demonstrated to be a risk
factor for mortality at 60 days (table 1).

In spontaneously breathing patients and in those sub-
jects undergoing appropriate noninvasive respiratory sup-
port or assisted invasive mechanical ventilation for severe
acute respiratory failure, vigorous inspiratory efforts may
cause an excessive drop in pleural and esophageal pressure
as well as an increase in dynamic inspiratory transpulmo-
nary pressure, not homogeneously distributed across the

36

lung.” In these conditions, the atelectatic dependent lung
regions in direct contact with diaphragm are exposed to

deeper pleural pressure swings compared to the aerated

nondependent lung regions. This leads to the pendelluft
phenomenon, i.e., the movement of alveolar gas from non-
dependent to dependent lung at the beginning of inspira-
tion, a well-recognized risk factor for patient self-inflicted
lung injury”’ In patients with acute respiratory failure,
keeping the esophageal pressure swing in the range of 3 to
15cm H,O and dynamic inspiratory transpulmonary pres-
sure below the upper limit of 15 to 20 cm H,O should help
avoid harmful inspiratory efforts during active or assisted
breath.*

The main indication for esophageal manometry during
acute respiratory failure is assessment of transpulmonary
pressure in all those conditions characterized by an increase
in chest wall elastance. This has been frequently described in
extrapulmonary ARDS as the consequence of an increased
intra-abdominal pressure due to abdominal disease or obe-
sity.” In obese patients with a body mass index 30kg/m?
or more intubated for ARDS, a ventilatory strategy coun-
terbalancing negative expiratory transpulmonary pressure
has been associated with an improved survival.** Also, a
mechanical ventilation driven by transpulmonary pres-
sure rather than airway pressure targets has been useful in
improving oxygenation and eliminating the need for extra-
corporeal membrane oxygenation application in patients
intubated for influenza A (H1N1) with an increased chest
wall elastance.®

The main pitfall of esophageal manometry can be
identified in the assessment of the esophageal pressure in
patients who are spontaneously breathing or under nonin-
vasive respiratory support. In these conditions, the calibra-
tion procedures previously described are not applicable, and

Table 1. Esophageal Pressure and Derived Parameter Descriptions and Significances with Related Targets for Protective Ventilation

Parameter Description

Significance Target

Static condition—passively ventilated patient
Inspiratory elastance-derived transpulmonary

pressure lung
Inspiratory esophageal-computed transpulmonary

pressure lung
Expiratory esophageal-computed transpulmonary

pressure lung
Transpulmonary driving pressure
Chest wall driving pressure
wall
Dynamic condition—actively breathing patient
Inspiratory dynamic transdiaphragmatic pressure
Inspiratory esophageal pressure swing
inspiration
Pressure generated by respiratory muscles
muscles
Esophageal pressure-time product
Transdiaphragmatic pressure

Inspiratory pressure acting in nondependent
Inspiratory pressure acting in middependent
Expiratory pressure acting in middependent
Real distending pressure acting on the lung
Real distending pressure acting on the chest
Dynamic pressure distending the lung

Drop of the pressure generated during active
Inspiratory pressure generated by respiratory

Pressure time integral over inspiration
Inspiratory pressure generated by diaphragm

Overdistention of nondependent lung  20-25¢m H,0 %
Overdistention of dependent lung —

Negative value: tendency to
atelectasis

Lung stress <12cm H,0%

Chest wall stress —

>0cm H,0%

Dynamic lung stress < 15-20cm H,0%

Inspiratory effort 3-15cm H,0%
Inspiratory effort 5-10cm H,0%
Inspiratory effort 50-150cm H,0*s*min”!

Inspiratory diaphragmatic effort -15cm H,0%

Esophageal pressure and derived parameters description and significance are reported along with target to provide protective ventilation, according to current suggestions and

evidence, in passive patient—static condition and active patient—dynamic condition.

*The target reported refers to obese patients with body mass index 30 kg/m? or greater.
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the esophageal pressure evaluation could lose its validity
due to the impossibility of correcting for esophageal wall
and balloon reaction.

To date, esophageal pressure monitoring is available
at bedside thanks to the implementation of systems for
esophageal pressure signal acquisition in some ventilator
machines or in dedicated portable devices offering the
possibility of an automated in vivo calibration procedure.*’
However, despite this increased availability and the inter-
esting applications of esophageal manometry in the clinical
and research fields, this tool is still limited to expert physi-
cians and researchers, due to the numerous technical skills
required for its application.

Electrical Activity of the Diaphragm

Electrical activity of the diaphragm is the signal closest to
output of the respiratory center, so it may be a sensitive
and reliable method to monitor the patient’s neural respi-
ratory drive at the bedside.*" Specifically, electrical activity
of the diaphragm monitoring relies on the assumption that
sensed activity of the crural diaphragm is representative of
the total muscle activity, as demonstrated in patients intu-
bated for acute respiratory failure.*? The correct position
of the nasogastric catheter is determined by verifying the
electrocardiographic aspect of the P and QRS waves and
the synchrony of the diaphragm electromyographic signal
with the negative deflection of the airway pressure curve
during an inspiratory effort against an occluded artificial
airway.

Diaphragmatic electrical activity is a useful tool to assess
neuromuscular respiratory drive in critically ill patients.
Indeed, there is a correlation between the diaphragmatic
electrical activity variation over time and the drop in air-
way pressure 100 ms after the onset of inspiration during an
end-expiratory occlusion of the airway (P0.1), the reference
method for respiratory drive assessment® (table 2).

Monitoring Acute Respiratory Failure

In critically ill patients, wide heterogeneity in elec-
trical activity of the diaphragm has been documented.*
Diaphragmatic electrical activity signal varies according to
the patient’s level of assistance, and its peak values tightly
correlate to esophageal pressure and pressure generated by
respiratory muscles during inspiration.*® This means that
diaphragmatic electrical activity evaluation provides quan-
tification of inspiratory effort,* in the presence of a pre-
served neuro-mechanical coupling.*

Assessing patient—ventilator interactions is crucial to
minimize ventilator-induced lung injury and diaphragmatic
dysfunction. Growing evidence suggests that the integra-
tion of the electrical activity of the diaphragm waveform
to the “standard” ventilator curves (low and airway pres-
sure) improves the ability to detect patient—ventilator asyn-
chronies (table 2)*** during invasive mechanical ventilation
or noninvasive respiratory support, and has been demon-
strated to be useful to evaluate the impact of sedation on
patient—ventilator interaction in acute respiratory failure
patients and a mixed ICU population undergoing assisted
breathing.***" Indeed, oversedation may be the cause of a
depressed respiratory drive and a poor patient—ventilator
synchrony***” during invasive mechanical ventilation. The
main limitations ascribed to diaphragmatic electrical activ-
ity assessment are related to positioning of the dedicated
catheter, as in the case of inability to follow the P and QRS
waves size reduction criterion.

In summary, diaphragmatic electrical activity assess-
ment provides potentially useful clinical information to
guide protective assisted ventilation in patients assisted by
invasive mechanical ventilation or noninvasive respiratory
support for acute respiratory failure, due to the estimation
of patient’s neural respiratory drive, inspiratory effort, and
patient—ventilator interaction.*?' To date, the patient—
ventilator asynchrony assessment is the only application of
electrical activity of the diaphragm monitoring supported
by some evidence.’

Table 2. Electrical Activity of the Diaphragm, Description, Application in Acute Respiratory Failure, and Limitations

Advantage Compared Limitations Compared
to Conventional to Conventional
Parameter Description Application Monitors Monitoring Reference
Peak of electrical Maximal electric Inspiratory effort Signal closest to output of Minimally invasive, dedicated 7 pV, minimally acceptable inspiratory
activity for the signal of during tidal breath- the respiratory center catheter and ventilator, diaphragmatic activity after intubation*
diaphragm diaphragm ing, patient— catheter positioning, wide ~ Compared to P0.1, where a threshold
Diaphragmatic activation during ventilator synchrony heterogeneity between of 3.5cm H,0 is associated with a
electrical tidal breathing ~ Neuromuscular respi- patients, integrity of high inspiratory effort, no target has
activity tidal Tidal variation on ratory drive, inspi- respiratory centers—to— reported for diaphragmatic electrical
change neural inspira- ratory effort during diaphragm pathway, activity*

tory time tidal breathing

influenced by sedation and
ventilator settings

Diaphragmatic electrical activity with description, application in the setting of the acute respiratory failure, and advantages and limitations compared to conventional monitoring are

reported.

P0.1, drop in airway pressure 100 ms after the onset of inspiration during an end-expiratory occlusion of the airway.

Anesthesiology 2023; 138:317-34
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Electrical Impedance Tomography

Electrical impedance tomography is a noninvasive,
radiation-free, dynamic, real-time monitoring system
that provides data on global and regional changes in
lung volumes, ventilation distribution, and lung perfu-
sion. Electrical impedance tomography examination is
obtained by placing a silicon belt with 16 to 32 electrodes
between the fourth and sixth intercostal space, connected
to a dedicated machine.”*>

Pulmonary ventilation monitoring is based on the global
and regional functional electrical impedance tomography
assessment that also allows for an in-depth spatial and tem-
poral analysis of ventilation distribution® (table 3). The
global changes from minimum end-expiratory to max-
imum end-inspiratory impedance values correlate with
global tidal breath. On the other hand, the global changes in
end-expiratory impedance reflect the end-expiratory lung
volume modifications. Also, the regional impedance vari-
ations are correlated with regional air content changes.>

In acute respiratory failure, electrical impedance tomog-
raphy permits the identification of patients at risk of atelec-
trauma during invasive mechanical ventilation, through the
estimation of regional opening and closing pressure (fig. 3)
as well as regional hysteresis.*’

The evaluation of the distribution of the intratidal
changes in lung impedance along with end-expiratory lung
impedance modifications allows the assessment of overd-
istended and recruited lung volume in response to PEEP
changes during invasive mechanical ventilation.’® Several
procedures have been proposed to set a protective venti-
lation achieving the best compromise between lung over-
distention and lung collapse. During a decremental PEEP
trial after a maximal recruiting maneuver, the “optimal”
PEEP value is defined by the intercept point of cumulated
collapse and overdistension percentage curves.”” Another
method consists of choosing the “optimal” PEEP as that
value able to stabilize end-expiratory lung impedance after
the application of a recruiting maneuver.® If the end-
expiratory lung impedance decreases more than 10% within
10min after recruitment, PEEP needs to be increased by
2cm H,O and the recruitment reapplied.” According to
this approach, the “optimal” PEEP value is defined as the
lowest one avoiding an end-expiratory lung impedance
decrease of less than 10%.%

The application of the “optimal” PEEP improves the
homogeneity of tidal ventilation distribution.®" Indeed,
when a patient is afflicted by acute respiratory failure, the
distribution of tidal volume within the lung is inhomoge-
neous because of the altered mechanical properties and the
asymmetry of lung involvement.®' Based on this assump-
tion, “optimal” PEEP has been demonstrated to correspond
to the lowest global inhomogeneity index, indicating the
spatial heterogeneity and distribution of the ventilation,
during a PEEP trial.”!

Anesthesiology 2023; 138:317-34

In patients intubated for ARDS, PEEP personalized
trough electrical impedance tomography to achieve a silent
space, namely the hypoventilated area, less than or equal
to 15% did not correlate with PEEP chosen to positivize
end-expiratory transpulmonary pressure.””> However, PEEP
guided by electrical impedance tomography induced a
homogenization of ventilation and an improvement of lung
recruitment, whereas PEEP set on transpulmonary pressure
was associated with a reduced lung stress.*

Electrical impedance tomography has been employed to
assess global and regional lung aeration modifications induced
by the prone position® in awake patients supported by high-
flow nasal cannula® and in sedated and paralyzed patients with
invasive mechanical ventilation for acute respiratory failure.”
Prone position induces a more homogenous distribution of
lung aeration as suggested by the uniform improvement in
end-expiratory impedance across the lung.®*%

Electrical impedance tomography can also detect the gas
distribution and pendelluft phenomenon in patients under-

66

going assisted mechanical ventilation.® In acute respiratory

failure patients, occult pendelluft increasingly occurs with

t°° and increase of

progressive reduction of ventilatory suppor
spontaneous breathing effort.”” Thus, in the presence of this
anomalous alveolar gas distribution detected through electri-
cal impedance tomography at bedside, clinicians are facilitated
in the timely application of the corrective measures aimed
at abolishing vigorous inspiratory effort and pendelluft and,
consequently, at preventing patient self-inflicted lung injury.*

Electrical impedance tomography can also measure
the perfusion of the lung. Compared to positron emission
tomography as a reference method, electrical impedance
tomography underestimates relative pulmonary perfusion
in dependent lung region and overestimates relative pul-
monary perfusion in nondependent lung regions with small
differences (less than 10%) in animal models.® Also, in the
same setting,”® electrical impedance tomography and posi-
tron emission tomography have detected the change of rel-
ative lung perfusion in the same direction in 69 to 96% of
the measurements.

Perfusion electrical impedance tomography is based on
the administration of a 10-ml bolus of hypertonic (5 to 10%)
saline during an expiratory hold maneuver.’ The injection of
hypertonic fluid induces a modification of the lung imped-
ance that 1s translated into a perfusion image. Perfusion elec-
trical impedance tomography could be an adjunctive bedside
tool to identify patients with pulmonary embolism® or to
assess the modification of the ventilation/perfusion mismatch
after PEEP changes® or prone positioning.” From this per-
spective, in a small cohort of ARDS patients subjected to
invasive mechanical ventilation, the percentage of lung units
with an unmatched ventilation-to-perfusion ratio was an
independent risk factor for mortality, having been higher in
nonsurvivors compared to survivors.”
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Fig. 3. Lower and upper inflection point distribution. Lower and upper inflection points distribution moving from nondependent (region of
interest 1, black continuous line) to dependent lung (region of interest 4, black dotted line) at electrical impedance tomography examination.
At pressure-impedance/volume curve, the lower inflection point of dependent lung (black hollow circle) is higher compared to the lower
inflection points of the remaining regions of interest, while the upper inflection point of nondependent lung (black solid circle) is lower
compared to the upper inflection points of the other regions of interest. The opening and closing pressure are lower in nondependent lung
compared to the opening and closing pressure in dependent lung. Black line, Pressure-impedance/volume curve of region of interest 1; gray
line, pressure-impedance/volume curve of region of interest 2; gray dotted line, pressure-impedance/volume curve of region of interest 3;
black dotted line, pressure-impedance/volume curve of region of interest 4.

Although it is well known that lung protective ventilation
improves clinical outcomes of ARDS patients, robust evidence
is currently lacking for or against the use of electrical imped-
ance tomography to individually set the ventilator. Encouraging
experimental data have been reported in animals. In 12 Yorkshire
swine, electrical impedance tomography—guided ventilation
resulted in improved respiratory mechanics and gas exchange
and reduced the histopathological findings of ventilator-induced
lung injury compared to ARDS network® indications.”!

A single-center randomized controlled trial has inves-
tigated whether setting PEEP with electrical impedance
tomography or low PEEP/fractional inspired oxygen ten-
sion table from the ARDS network® improved clinical out-
comes in 126 mild-to-severe ARDS patients. The authors
reported similar PEEP values set in the two cohorts of
patients without any difference in clinical outcomes (28-
day mortality, ventilator-free days at day 28, ICU length
of stay, successful extubation, and need for tracheostomy).”
It should be mentioned that the all-cause mortality was
21% in the electrical impedance tomography group, com-
pared to 27% in the low PEEP/fractional inspired oxygen
tension table group. Although not significantly different,
the population sample should be considered too small,
and 35% of randomized patients were affected by mild
ARDS.” Another randomized controlled trial including 87
moderate-to-severe ARDS patients compared PEEP set-
tings guided by electrical impedance tomography or pres-
sure-volume curve.” Patients randomized to the electrical
impedance tomography group had an improved survival
(69% vs. 50%).” Therefore, it seems that electrical imped-
ance tomography—guided PEEP titration may improve the

Anesthesiology 2023; 138:317-34

clinical outcome in more severe ARDS patients, although
further investigation is required.

Besides these potential clinical advantages, electrical imped-
ance tomography has some limitations that should be acknowl-
edged. First, this technology suffers from a low resolution
compared to other imaging techniques, such as lung ultrasound
or computed tomography scan.”* However, computer tomog-
raphy does not assess lung ventilation directly but only the phys-
ical density of the lung, namely the static aeration, expressed in
Hounsfield units.”® Positron emission tomography is a noninva-
sive technology with a high accuracy in quantifying pulmonary
ventilation and volume distribution,” also in response to PEEP
and prone position.” In healthy and injured pigs, electrical
impedance tomography has allowed accurate measurement of
regional lung ventilation and volume in comparison to positron
emission tomography,”® the accepted standard in quantification
of the regional ventilation of the lung.”*”’

Electrical impedance tomography cannot be used for
monitoring patients with an implanted pacemaker or car-
dioverter-defibrillator because of possible interference.”*
Fluid overload or sudden increase in urine output alters
measurement of end-expiratory lung impedance, mimick-
ing a reduction or increment in end-expiratory lung vol-
ume, respectively.”’ Finally, perfusion electrical impedance
tomography also has the limit of requiring a short time
(8s) of apnea during the infusion of the hypertonic solu-
tion.” Although the expiratory hold is easily obtained in
intubated patients receiving controlled invasive mechanical
ventilation or in healthy volunteers, it is not so in the case
of dyspneic patients with acute respiratory failure with a
spontaneous respiratory activity.*’
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In acute respiratory failure patients, electrical impedance
tomography should be exploited as an adjunctive tool to
optimize regional distribution of ventilation. Moreover,
electrical impedance tomography permits the identification
of anomalous gas distribution during active tidal breath,
as in the case of the pendelluft phenomenon. Regardless
of research interest, the application of perfusion electrical
impedance tomography remains limited, and further studies
are required to define its clinical application.

Ultrasound for the Evaluation of the Lung and
Respiratory Muscles

Lung ultrasound is a versatile, radiation-free tool to assess
the real-time lung aeration at the bedside.!” With this aim,
two main approaches to lung ultrasound evaluation are
described: a qualitative approach, focused on lung morphol-
ogy assessment, and a quantitative approach that is directed
to monitoring purpose.'™*$2 The qualitative approach con-
sists of the formulation of an ultrasound diagnosis by eval-
uating the pleural line, presence of pleural effusion, lung
consolidation, interstitial syndrome, and presence of pneu-
mothorax.?! The quantitative approach relies on the aera-
tion scoring system computation that, in turn, provides a
global and/or regional score of lung aeration. Global lung
ultrasound scores range from a minimum of 0 (best aera-
tion) to a maximum of 36 (total loss of aeration)!” (table 4).
Regional scores are well correlated to lung density evalu-
ated by quantitative computer tomography scan.*

In acute respiratory failure, lung sonography is helpful in
assessing the cause and the extent of lung aeration compro-
mise, in following the progression of the disease over time, and
in evaluating the response to therapies.®*® First,in the presence
of a lung consolidation, lung sonography permits its character-
ization into inflammatory consolidation (Supplemental Digital
Content 1, http://links.Iww.com/ALN/D2, and broncho-
gram video, http://links. Iww.com/ALN/D3) or atelectasis in
the presence or absence of dynamic bronchogram, respectively,
with a close correlation with computed tomography scan.®
In diagnosis and discrimination of noncardiac interstitial syn-
drome in ICU patients, lung ultrasound has showed a moder-
ate-to-high accuracy (area under the curve = 0.86) with the
pleural abnormalities being highly specific (100%) but poorly
sensitive (31%), according to recent findings.”

Lung ultrasound allows the assessment of intratidal lung
recruitment (Supplemental Digital Content 2, http://links.
Iww.com/ALN/D4, and intratidal recruitment video, http://
links.lww.com/ALN/D5) and lung recruitment after PEEP
application (Supplemental Digital Content 3, http://links.
Iww.com/ALN/D6, and PEEP recruitment video, http://
links.lww.com/ALN/D7)% in real time, at bedside. Due to
its characteristics, lung ultrasound is promptly and repeatably
applicable whenever clinicians need to evaluate the reaeration,
defined as an improvement of the local ultrasound findings in
response to a specific maneuver.”” However, it is worth con-
sidering that in assessing lung recruitment through ultrasound,

Monitoring Acute Respiratory Failure

global lung ultrasound score involves any improvement in
lung aeration irrespective of the initial condition. Indeed, a
global reaeration lung ultrasound score is not closely cor-
related with the reopening of the collapsed areas because a
substantial portion of the recruited volume derives from the
already, albeit poorly, aerated lung.”’ Conversely, quantitative
lung computed tomography scan is unquestionably useful
in following the specific reaeration of a previously collapsed
zone. From this perspective, the computation of regional lung
ultrasound score is potentially more useful than global score in
the evaluation of response to the maneuvers executed.

Lung sonography helps in the identification of patients
potentially responding to prone positioning according to
focal distribution of the disease.” Indeed, patients with a
focal distribution of the lung involvement may benefit from
prone positioning as a rescue ventilatory therapy. Conversely,
when the lung involvement is characterized by a nonfocal
distribution, a high PEEP ventilatory strategy should be
preferred to enhance lung recruitment.'’ Also in this case, a
regional lung ultrasound score, focused on the quantifica-
tion of the aeration in posterior lung regions, seems more
useful in following the response to prone positioning.

Lung ultrasound may also be useful in predicting nonin-
vasive respiratory support outcome. In patients with acute
respiratory failure related to COVID-2019, a worsening in
global lung ultrasound score is predictive of noninvasive
respiratory support failure at 24 h from its commencement.”

Overall, in keeping with recent findings,” lung ultrasound
alone or as a part of thoracic ultrasound has a relevant impact
on the decision-making process by changing diagnosis and
therapy in the emergency department, ICU, and general ward.
In critically ill patients undergoing invasive mechanical ven-
tilation, the management was changed in 47% of the cases
after lung ultrasound examination, with more than 65% of
the modifications adopted involving invasive interventions.”

In the ICU, routine use of lung ultrasound for diagno-
sis and monitoring is effective in reducing the number of
ionizing procedures without affecting patient outcome.”
However, lung ultrasound and chest x-ray examination
should be considered as complementary to each other due
to the specific clinical information provided. Thus, in daily
clinical practice, lung ultrasound could be employed as a first
level examination thanks to its repeatability and the absence
of radiation. In the case of clinical uncertainty, chest x-ray
examination should be employed. Also, lung sonography
does not provide data on the deep lung, for which com-
puted tomography scan is the reference examination.'” Thus,
in acute respiratory failure, computed tomography scan is the
standard radiological examination to evaluate lung morphol-
ogy and to assess the specific aeration changes resulting from
PEEP and prone positioning application.” However, the use
of radiation and the nonapplicability at bedside, with the
consequent necessity to move the patient outside the ICU,
definitively limit computed tomography scan execution.

Another important limitation of the lung ultrasound
is that it does not allow the evaluation of overdistension

Anesthesiology 2023; 138:317-34
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during mechanical ventilation,” even if the loss of lung
sliding in the nondependent lung zone may be sugges-
tive of hyperinflation, especially if pleural line movements
reappear after PEEP reduction.”® An integrated approach
involving other advanced respiratory monitoring technolo-
gies, i.e., electrical impedance tomography, could overcome
ultrasound limits.

In summary, lung ultrasound is useful to speed up the
diagnosis of acute respiratory failure as well as start the ad
hoc treatment and follow over time the response to the ther-
apy established since the early stages of the disease. In those
patients with a bilateral lung involvement, the character-
ization of the disease according to its focal and nonfocal
distribution allows the personalization of ventilatory strat-
egy with the application of prone position rather than high
PEEP. Unfortunately, data are scarce on the role of lung
ultrasound in lung protection during mechanical ventila-
tion, mainly because it is impossible to assess overdistention
in the ventilated lung.

Ultrasound provides easily accessible information to
many of the muscles involved in the respiratory cycle
at the bedside (table 4; fig. 4).'> In acute respiratory

Monitoring Acute Respiratory Failure

failure, the ultrasound of respiratory muscles may be
useful to assess diaphragmatic dysfunction, a condition
described in 2.2% of patients admitted to the ICU with
acute respiratory failure and responsible for poor prog-
nosis.” In the presence of a diaphragmatic dysfunction,
different ultrasonographic patterns can be observed,
varying from a paradoxical cranial displacement,'”
namely diaphragmatic paralysis, to diaphragmatic weak-
ness defined as a diaphragmatic excursion less than 10
to 15mm or thickening fraction less than 20% during
inspiration.'” Conversely, in patients with acute respi-
ratory failure related to COVID-19, an increased thick-
ening fraction of the diaphragm has been observed in
those subjects who have failed noninvasive respiratory
support.'!

Diaphragmatic ultrasound has recently been proposed for
the identification of asynchronous events during noninva-
sive respiratory support at bedside.'”" However, although this
method has high performance, it has a limitation.'"! To obtain
asynchronies assessment, it is necessary to import ventilator
waveforms in the ultrasound machine while the physician
assesses the diaphragm displacement.

External oblique abdominis muscle 1

Internal oblique abdominis.muscle ]

S

Transversus abdominis muscle ]

Peritoneal cavity

Peritoneal cavity

Fig. 4. Respiratory muscles ultrasound. The ultrasound of respiratory muscles is depicted. (4) Diaphragmatic ultrasound for thickness during
inspiration (red arrows) and expiration (blue arrows) in M-mode. (B) Intercostal muscles ultrasound. (C) Abdominal wall muscles ultrasound
for thickness of external and internal oblique abdominis muscles and transversus abdominis muscle. (0) Rectus abdominis ultrasound for
thickness. External and internal boundaries of the muscles are traced in yellow. The orange arrows refer to thickness of the muscles.
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In recent years, ultrasound evaluation of accessory
respiratory muscles has gained evidence (table 4)."
Inspiratory accessory muscles comprise the parasternal
intercostal muscles, which are easily accessible to ultra-
sound assessment.'? In healthy subjects, the thickening
fraction of this muscle shows very low values, around 3%.%
In patients with documented diaphragmatic dysfunction,
the parasternal thickening fraction increases significantly
in response to the increased respiratory load imposed.®
Ultrasound has also been proposed for the evaluation of
appearance and modification of abdominal wall muscles
during the respiratory cycle in critically ill patients,"
although their role in acute respiratory failure requires
further investigation. Of course, an increased expiratory
thickening fraction of the abdominal wall muscles suggests
an active expiration, that, in some cases, could be a pro-
tection against excessive tidal volumes delivered during
assisted mechanical ventilation.

Limitations to respiratory muscles ultrasound are
mainly related to the acoustic window quality. In partic-
ular, left diaphragmatic function is difficult to assess by
ultrasound due to the poor quality of the splenic window

affected by gastroenteral content.'”” In performing respi-
ratory muscles ultrasound, it is worth placing the probe
as perpendicularly as possible to the chest and abdominal
wall surface to reduce parallax error.'™ Also, it is necessary
to exclude the hyperechoic boundaries of the muscular
structures in measuring muscular thickness to avoid the
artifacts deriving from fascial edema. The application of
a cutaneous marker has been demonstrated to enhance
intra- and interoperator agreement during diaphragmatic
ultrasound.'*

Ultrasound has proven useful in assessing respiratory
muscles during invasive mechanical ventilation and non-
invasive respiratory support for acute respiratory failure.
However, its impact in management and treatment of acute
respiratory failure is still a matter of discussion due to the
lack of robust data in support of it.

The main limitation for all the ultrasound examinations
is related to the skill of the ultrasound operator. However,
according to previous data obtained while assessing the
performance of an instrument to evaluate lung ultrasound
competence, an interrater agreement of 0.85 among novice
and expert operators was observed.'™

Fig. 5. Implementation of the advanced respiratory monitoring technologies at the bedside. An example of the implementation of some
advanced respiratory monitoring technologies on mechanical ventilator at the bedside is depicted. The integration of the signals continuously
acquired by ventilator machine is potentially useful in the personalization of the respiratory assistance, also in terms of mechanical ventilation
automation. Red curve, airway pressure; yellow curve, flow; purple curve, electrical activity of the diaphragm; green curve, transpulmonary
pressure; orange curve, esophageal pressure; electrical impedance tomography.
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Conclusions

In patients with acute respiratory failure, despite the lack of a
robust evidence from multicenter trials, advanced respiratory
monitoring tools, more or less integrated with each other
(fig. 5), have the potential to provide insights on the respira-
tory system modifications induced by underlying disease as
well as to support clinicians in setting up a mechanical ven-
tilation focused on the protection of the lung and respiratory
muscles. Hypothetically, an advanced respiratory monitoring
assisted approach could be useful to tailor mechanical venti-
lation on the patient rather than on the disease.
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