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ARTICLE INFO ABSTRACT
Keywords: Background: In patients with respiratory failure, assisted mechanical ventilation is often used after the initial
ARDS acute phase to support patient’s respiratory activity, enhance oxygen exchange, and improve lung ventilation

Assisted mechanical ventilation
Esophageal pressure
Inspiratory effort

and perfusion. In this phase, monitoring inspiratory effort and respiratory drive might reduce the risk of
patient self-inflicted lung injury (P-SILI), thus potentially improving the outcome. P-SILI depends on the
negative pressure generated by inspiratory muscles and the positive pressure delivered by the ventilator

PMI

PO.1 machine. Measuring the amount of inspiratory pressure generated by the patient and assessing work of
APoce breathing is therefore essential. For patients without esophageal or gastric catheters, several non-invasive
Diaphragm ultrasound indices have been developed to estimate inspiratory effort, respiratory drive and evaluate diaphragm function.

The aim of this clinical review is to summarize current evidence regarding invasive and non-invasive
instruments to monitor inspiratory effort and respiratory drive in patients undergoing assisted mechanical
ventilation.

Main body: Esophageal pressure is the reference measure used to evaluate total work of breathing and patient
inspiratory effort. Monitoring esophageal swing may help in preventing both over-assistance and under-
assistance during mechanical ventilation. The diaphragmatic component of the total work of breathing can be
estimated through a gastric catheter, that allows the measurement of transdiaphragmatic pressure. Various
non-invasive indices are available in the literature to estimate patients' inspiratory effort, patient’s respiratory
drive and diaphragm function. During assisted mechanical ventilation, performing an end-inspiratory pause
or an end-expiratory pause allows the measurement of pressure muscle index (PMI), airway occlusion pressure
at 100 ms (P0.1), and airway occlusion pressure (APocc). Various cutoffs have been identified in the literature
for a low and a high inspiratory effort (PMI, APocc) and respiratory drive (P0.1) during assisted ventilation.
Diaphragmatic function can be quickly assessed using ultrasound. Three indices are extensively described in
the literature: diaphragm thickness (D), diaphragm excursion (Dg), and diaphragm thickening fraction (Dry).
Conclusion: Monitoring inspiratory effort and respiratory drive is crucial in current clinical practice to reduce
P-SILI. At the present time several invasive and non-invasive tools can quantify inspiratory effort and
respiratory drive, and they are well correlated to each other and to the reference measures of patient
inspiratory effort. Their use should be encouraged to tailor assisted mechanical ventilation to the individual
patient and to promote further studies, that are essential for their ultimate validation.

Abbreviations: ARDS, acute respiratory distress syndrome; VILI, ventilator induced lung injury; AMV, assisted mechanical ventilation; P-SILI, patient self-inflicted
lung injury; PL, transpulmonary pressure; Pmus, global inspiratory muscle pressure; Pcw, pressure to overcome the elastic recoil of the chest wall; APes, trans-
esophageal pressure; PTP.,, esophageal pressure time product; PEEP, positive end expiratory pressure; FiO,, fraction of inspired oxygen; PMI, pressure muscle
index; PTP.s/b, esophageal pressure time product per breath; PTP.;/m, esophageal pressure time product per minute; P0.1, airway occlusion pressure at 100 ms;
PO.1vent, airway occlusion pressure at 100 ms automatically measured by the ventilator; AUC, area under the curve; PTP,,,s/min, pressure time product of the
global inspiratory muscle pressure per minute; VIDD, ventilator induced diaphragm dysfunction; Eadi, electrical activity of the diaphragm; APocc, airway
occlusion pressure; V, instantaneous flow; a, peak inspiratory flow after the ramp; b, rate of flow reduction; c, flow index; DE, diaphragm excursion; DT,
diaphragm thickening; DTf, diaphragm thickening fraction; ICU, intensive care unit; RCT, randomized controlled trial..
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1. Background

Controlled mechanical ventilation is typically employed in the
early stages of acute respiratory distress syndrome (ARDS) and acute
respiratory failure (ARF) to stabilize gas exchange and mitigate
ventilator-induced lung injury (VILI) [1-4]. Subsequently, assisted
mechanical ventilation (AMV) is used for its benefits: reduced
sedation requirements, improved ventilation and perfusion distribu-
tion and enhanced gas exchange [5-7]. In controlled modalities, VILI
is primarily caused by the mechanical ventilator through excessive
lung stress and strain transmitted to the respiratory system, and via
atelectrauma [8]. Nevertheless, assisted modalities can also induce
lung damage, known as patient self-inflicted lung injury (P-SILI),
where the inspiratory effort generated by respiratory muscles
(primarily through diaphragm contraction) is added to the positive
pressures generated by the machine. P-SILI may also occur in
controlled mechanical ventilation, in patients that are not paralyzed
and/or deeply sedated with a spontaneous respiratory activity.
Consequently, P-SILI results from the combined effect of the patient's
spontaneous effort and the mechanical ventilator [9,10]. P-SILI can
occur as weel during spontaneous breathing in patients with severe
acute respiratory failure. In this case, a strong inspiratory effort
generated by diaphragm contraction can increase lung stress and
distension by raising transpulmonary pressure (P;) (see Equation 1)
[9]. Moreover, prolonged vigorous effort can exacerbate patient
distress, complicating the weaning process from mechanical ventila-
tion [11] and potentially having a negative impact on patients’
outcome [12-14]. In AMV modalities, a level of support can be
associated to a high inspiratory effort, that can increase the risk of
PSILI. Thus, monitoring inspiratory effort in patients undergoing AMV
is important. The direct evaluation of negative pressure generated by
muscular activity (i.e the pleural pressure) should be the reference
measure, which is usually estimated through an esophageal catheter
[9,15]. Alternatively, several non-invasive indices have been devel-
oped over the years to estimate patient inspiratory effort, allowing for
accurate assessment and limiting P-SILI, without the need for an
esophageal catheter.

In this clinical review, we explore the main invasive and non-
invasive tools available to measure inspiratory effort and respiratory
drive during AMV with invasive interfaces, with the aim to limit P-
SILI.

2. Invasive indices of inspiratory effort

2.1. Muscle activity, work of breathing, pressure time product and
esophageal pressure swing

The esophageal pressure is measured via a catheter placed in the
lower third of the esophagus, which should reflect changes in pleural
pressure when correctly positioned [16-19]. In controlled mechanical
ventilation, in a deeply sedated and/or paralyzed patient, there is a
progressive increase in esophageal pressure, peaking at end inspira-
tion (ie., a positive deflection). Conversely, during AMV, the
esophageal pressure records a negative deflection during the
inspiratory phase, which measures the intensity of the effort when
the patient actively breathes. The moment of higher effort intensity
can arrive at different stages, excluded the very early phase of the
contraction, ie. the ramp of the inspiratory phase [20] (Fig. 1). The
esophageal catheter constitutes an invasive, direct measure of
patient’s inspiratory effort, and represents the reference technique
with this aim.

The transpulmonary pressure generated during inspiration in
patients undergoing mechanical ventilation is the difference of the
pressure delivered by the mechanical ventilator in the airways and the
negative pleural pressure due to the inspiratory muscle activity,
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Esophageal pressure
* APes < 3cmH,0 — over-assistance*

* APes >8 cmH,0 — under-assistance
104 Pes Flow

(cmH,0) (Umin)

Fig. 1. Esophageal pressure. Legends: APes, esophageal pressure swing; Pes,
esophageal pressure; cmH,0, centimeters of water; 1, liters; min, minutes. The
curves shown in the figures are only representatives. *In the reported example,
neuromuscular coupling is intended to be normal, with no patient's muscular
weakness.

commonly recorded by the esophageal catheter [9] (Fig. 1, equa-
tion 1).

PL = Paw — Pes

Equation 1. Legends: P;, transpulmonary pressure; P, airway
pressure; P, negative esophageal pressure swing.

The reference method to evaluate the inspiratory effort is the
global inspiratory muscle pressure (Py,,s). It can be measured by
adding the pressure to overcome the elastic recoil of the chest wall
(Pcw) to the absolute value of pleural pressure (Pp), for which
esophageal pressure (P.s) constitutes an accurate estimate. The
esophageal pressure (P.s) must be measured at the moment of its
maximal change in amplitude (APes max), due to the inspiratory muscle
contraction (equation 2, a). Pcw is the product of the chest wall
elastance and the tidal volume (equation 2, b).

a.Pmus = Pcw + |Alleo, a x|
b.Pcw = Vt « Ecw

Equation 2. Legends: Pmus, global inspiratory muscle pressure; |
APs max|, absolute value of esophageal pressure swing at the moment
of its maximal change in amplitude; Pcw, pressure to overcome the
elastic recoil of the chest wall. Vt, tidal volume; E,, chest wall
elastance.

The most complete measure of the total energy dissipated by
respiratory muscles during the inspiratory phase is the work of
breathing (WOB). WOB can be calculated as the product of the
pressure generated by respiratory muscles and the pulmonary
volumes obtained. Therefore, WOB can be expressed as the integral
of global inspiratory muscle pressure per volume in time. It
corresponds to the area of a pressure volume diagram during
mechanical ventilation (equation 3) [21].

WOB = / toT1Pmus * V x dt

Equation 3. Legends: WOB, work of breathing; t0, time at the start
of the inspiratory phase; T1, time at the end of the inspiratory phase;
P, global inspiratory muscle pressure; V, tidal volume; dt, time
differential.
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Another way to evaluate the energy dissipated by respiratory
muscles is the pressure time product of the esophageal pressure
(PTP.s). PTP is calculated as the integral of the product of the global
inspiratory muscle pressure and time of muscle contraction during the
inspiratory phase. Even if their physiological meaning is similar, WOB
estimates the inspiratory effort as the integral of pressure over
volume, whilst PTP is the integral of pressure over time (equation 4)
[21,22]. For these feature, PTP., is also accountable in case of
isometric contraction, thus being more reliable than WOB in this
situation [20].

PTPes = / toT1Pmus * ti * dt

Equation 4. Legends: PTP,,, esophageal pressure time product; t0,
time at the start of the inspiratory phase; T1, time at the end of the
inspiratory phase; P, global inspiratory muscle pressure; ti,
inspiratory time; dt, time differential.

It can be difficult to obtain a direct calculation of WOB and PTP. in
daily clinical practice. The difference between the esophageal
pressure at the start of the inspiratory phase and its most negative
value, also known as esophageal swing (AP,;) is widely used as an easy
to measure surrogate of WOB and PTP.s (equation 5) [23].

Alleo = Meotl™ — IMTeoTuty

Equation 5. Legends: AP, esophageal swing; P., esophageal
pressure; to, start of the inspiratory phase; T, time of the inspiratory
phase when the P, reaches its most negative value.

Esophageal swing has an overall good correlation with the PTP; of
patients undergoing assisted ventilation [23]. In patients with low
chest wall elastance (with a low P.,), values of AP.; between 3 and
8 cmH,0 can be reasonably aligned to values of P, of 5-10 cmH20
[24]. It has been shown how, with usual values of inspiratory time and
respiratory rate, these levels of P, can reasonably correspond with
PTP., values between 50 and 150 cmH,O*s*min~"', identified as
reasonable target range of patient inspiratory effort [25].

These considerations do not apply to certain categories of patients,
in which chest wall elastance is higher and P, is not negligible, as it
happens in earlier stages of ARDS [26].

2.2. Transdiaphragmatic pressure

Beyond the role of esophageal pressure in measuring excessive or
insufficient muscular effort during AMV, there is growing interest in
diaphragm function and its impairment due to muscle inactivity and
unloading [28-32]. The transdiaphragmatic pressure is computed as
the difference between gastric and esophageal pressures, and is the
reference technique to measure the diaphragmatic component of the
work of breathing [24] (Fig. 2, Equation 5).

A = IMya — Meo

Equation 5. Legends: A Pg;, transdiaphragmatic pressure; Pg,,
gastric pressure; P, absolute numerical value of esophageal pressure.

Table 1
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Transdiaphragmatic pressure
* Pdi 3-12 cmH,0 — diaphragm-
protective ventilation

Flow
wmin)

-60

P

201 (cmH;0)

20 (cmH,0)

201 (cmH,0)

Fig. 2. Transdiaphragmatic pressure. Legends: P, pressure; APdi,
transdiaphragmatic pressure; 1, liters; min, minutes; cmH,0, centimeters of
water; Pes, esophageal pressure; Pga, gastric pressure. The curves shown in the
figure are only representatives.

Accordingly, a new concept of lung-diaphragm protective
mechanical ventilation has been suggested to maintain diaphragm
activity within the limits of physiological efforts [27].

De Vries et al. evaluated the possibility to titrate inspiratory
support to achieve a transdiaphragmatic pressure between 3 and
12 ¢cmH,0, comparing this to standard lung protective ventilation
[33]. In Table 1 we report the main advantages and disadvantages of
monitoring inspiratory effort with an esophageal and/or a gastric
catheter.

Pros and cons of esophageal and transdiaphragmatic pressure measurement during AMV.

Pros

Cons

Esophageal pressure

Transdiaphragmatic
pressure
preventing VIDD [34].

Gold standard for measuring patient inspiratory effort [23,25].

Allows precise evaluation of diaphragmatic effort, aiding in the
improvement of diaphragmatic function during AMV and possibly

Invasive device: - May need repositioning [18];
- May cause patient discomfort;
- Increases costs;
- Needs dedicated equipment;
- Needs dedicated expertise [9].

A gastric balloon and/or an additional catheter is required together
with the esophageal one, potentially increasing the risk of displacement,
patient discomfort, and costs [25].

AMV, assisted mechanical ventilation; VIDD, ventilator induced diaphragm dysfunction.
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3. Non-invasive indices of inspiratory effort

Several non-invasive indices have been developed to measure
inspiratory effort in patients undergoing AMV based on airway
pressure and flow curves displayed on the mechanical ventilator.

3.1. Pressure Muscle Index (PMI)

The first description of an end-inspiratory pause to estimate the
patients’ inspiratory effort in those ventilated with pressure support
ventilation dates back to 1997 [35]. In this paper, the authors
described the pressure muscle index (PMI) as the difference between
the end-inspiratory occlusion plateau pressure and the airway
pressure before the occlusion (i.e., PEEP + pressure support)
(Fig. 3). During an inspiratory hold, after a variable amount of time,
the inspiratory effort of the patient ceases and the difference in
pressure between the two mentioned points (PMI) can be used to
estimate the contribution of patient’s inspiratory effort to the pressure
wave. This phenomenon is due to the relaxation of respiratory muscles
of the patient, that leads to an increase in airway pressure [35].

PMI is well correlated with the pressure developed by inspiratory
muscles and the pressure-time product per breath (PTP.s/b) and per
minute (PTP.s/m) [35]. These data corroborate the validity of PMI as
a predictor of inspiratory effort. A cutoff of 6 cmH,O for PMI has been
identified as a marker of under-assistance, being associated with a
PTP./m greater than 125 cmH,O*s/min with high sensitivity and
specificity (0.89; 0.89) [35]. More recently, in a study on 18 patients
undergoing pressure support ventilation, Natalini et al. found that a
cutoff of 1 cmH,0 for PMI was able to identify over-assistance [37]. It
is important to underline that the authors showed an excellent
negative predictive value for identifying over-assistance (0.96; 95% CI
0.91-0.99), although with a low positive predictive value (0.33; 95%
CI0.23-0.45). Thus, a PMI < 1 cmH,0 was able to accurately predict
over-assistance, even if a PMI > 1 cmH,0 could not rule it out. A
recently published prospective physiological study confirms these
findings, validating the high negative predictive value of PMI for
identifying both under- and over-assistance, while still emphasizing
its low positive predictive value [38]. It is important to remember that
an unstable airway plateau pressure can negatively impact the
computation of the pressure muscle index (see Table 2 and Fig. 3). The
incidence of this artifact has been found to be high in retrospective
analyses [39,40]. Bianchi et al. proposed three easy-to-assess criteria
to determine the reliability of the airway plateau pressure: a rapid
reach of the plateau pressure, in less than 800 ms; an adequate
duration of the plateau (> 2s); and low variability during the
observation (< 0.6 cmH,0/s) [41]. The morphological analysis of the
curve may allow clinicians to identify typical artifacts. Among these, a
negative PMI may indicate the presence of an air leak during the
inspiratory pause. In case of further inspiratory effort, a sudden drop
in the plateau pressure can be observed: in this case, the PMI should be

Table 2
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-80+

P aw 40
(ecmH,0)

20

0+

Paw 40
(cmH,0)

Inspiratory
effort

20

P 40
(cmH,0)

201

Expiratory
effort
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Fig. 3. Influence of an expiratory or inspiratory patient effort during the
inspiratory hold. Legends: P,,,, airway pressure; cmH,0O, centimeters of water; PMI,
pressure muscle index; 1, liters; min, minute. Dashed vertical lines: start and end of
the inspiratory phase. The curves shown in the figures are only representatives.

measured immediately before the drop, in order to avoid an
underestimation of patient’s effort (see Fig. 3). Finally, an expiratory
effort may be detected by observing a progressive increase in the
airway plateau pressure during the pause [42] (see Fig. 3). In a recent
analysis published by Docci et al. [43], the inverse relation between
the level of ventilator support and PMI has further highlighted the role

Pros and Cons of pressure and flow curve analysis during AMV to predict patient’s inspiratory effort and drive during assisted mechanical ventilation.

Pros Cons

PMIL PO.1; AP, Non-invasive and easy to assess with an end-inspiratory - PMI has a low positive predictive value in identifying under- and over-assistance [38]; - PMI
(PM) or an end-expiratory (P0.1; AP,..) pause; These cannot be measured when inspiratory or expiratory efforts occur early during the pause, thus not

indices are well correlated with AP and Py,
[36,46,50].

allowing a stability of the plateau for at least 2 seconds [41]; - Circuit air leaks, longer airway
circuits and the presence of bronchoconstriction may negatively influence the accuracy of all these

parameters, that are measured during an inspiratory/expiratory hold, at zero flow conditions [35].
- PO.1 is a more reliable index of inspiratory drive, rather than inspiratory effort [59,60]; - The
potential difference between the value obtained by a 100 ms occlusion and the value obtained by
extrapolation (P0O.1vent) during automated measurement might be an additional limit [66].

Flow index - Non-invasive and easy to assess [49]; - Allows

- Requires algorithmic analysis to be measured [47]; - The algorithm has not yet been widely

continuous evaluation over time, without the need fora implemented on ICU mechanical ventilators [47].

ventilation pause [49].

PMI, pressure muscle index; P0.1, airway occlusion pressure at 100 ms; APocc, airway occlusion pressure; PO.1, airway occlusion pressure at 100 ms directly measured by the
mechanical ventilator; P, esophageal pressure; P, global inspiratory muscle pressure; AMV, assisted mechanical ventilation; ICU, intensive care unit.
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of this index in identifying the appropriate level of assistance: the
authors found out increasing levels of PMI in patients receiving lower
levels of pressure support [43]. It is important to remind that PMI is
measured at zero flow, using the plateau airway pressure (Pawplap)-
Thus, it is not sensitive to the effort that the patient uses to overcome
airway resistances. This is a potential limit for PMI to evaluate
inspiratory effort in patients with longer airway circuits and/or in
patients with bronchoconstriction [35].

3.2. Airway occlusion pressure (AP,..)

Airway occlusion pressure represents the maximal negative swing
during an end-expiratory pause on the airway pressure curve, in
correspondence with the patient’s inspiratory effort. It has similar
sensitivity and specificity when compared to PMI [42,44] and is
superior to P0.1 in identifying low and high inspiratory effort, as
demonstrated by stronger association (higher R? and AUC) with
esophageal and transdiaphragmatic pressures’ values in mechanically
ventilated patients [44,45]. This feature may depend from the fact
that PO.1 only regards the first part of the deflection during the
inspiratory phase, thus making it a more reliable index of inspiratory
drive, rather than global inspiratory effort [44].

There are no definite safe cutoffs to determine low and high effort
using AP, in the literature [40,44,45]. In a study on 246 patients
undergoing pressure support ventilation, the authors compared levels
of PO.1 and AP,. with P, and the pressure-time product of the
global inspiratory muscle pressure per minute (PTP,,,s/min). In this
investigation, the authors defined a low inspiratory effort as a P
and PTP,,,,s/min respectively lower than 5 cmH,0 and 50 cmH,O*s*-
min~’. At the opposite, they defined a high inspiratory effort as a P s
or PTP,,/min respectively higher than 10 cmH,O and
200 cmH,O*s*min~!. In this way they identified a cutoff of about
1 and 6 cmH20 respectively for P0.1 and AP, to identify low
inspiratory drive and effort, whilst a cutoff of about 2 and 9 cmH,0
were identified to identify a high inspiratory drive and effort using
P0O.1 and AP, respectively [42]. In another analysis on 28 patients
undergoing assisted mechanical ventilation, using cross-validation,
the authors found a conversion ratio potentially able to derive P
and Pes from APocc (Pmus/APoce = -0.74, 95% CI: —0.69, —0.78; AP/
APy = 0.66, 95% CI: 0.61-0.70). These ratios showed a high AUC
(0.94) when validated on an external study population [45]. APqcc
accurately detected a Pp,,s higher than 10 cmH,0 and a transpul-
monary pressure higher than 15 c¢cmH;O [45]. Adopting these
conversion ratios and using safe limits of 3-8 cmH,O for AP, and
5-10 cmH,O0 for Pmus, a possible range for AP, to identify low and
high inspiratory effort might be between -13 and -6 cmH,O. For sake
of simplicity, we may adopt the absolute values of AP, and identify
safe values of 6-13 cmH,0 to rule out over and under-assistance (see
Fig. 5).

3.3. Inspiratory flow index

The morphological analysis of the inspiratory flow curve during
pressure support ventilation from the end of the ramp (when the target
inspiratory pressure is reached) to the expiratory trigger is also known
as flow index (see Fig. 5). It may be informative about patients’
inspiratory effort. In a passively ventilated patient, in pressure mode,
the drop of the flow curve is linear. This drop depends on two factors:
the difference between the pressure delivered by the ventilator and
the alveolar pressure and the respiratory mechanics. This difference is
maximal at the beginning of the inspiration and minimal at the
expiratory trigger. In presence of the patient’s inspiratory effort, the
drop is not linear, and a downward concavity can be observed in the
flow curve [45]. This is because P, is added to the P,,, generated by
the ventilator, thus inducing a higher flow in the initial part of the
inspiratory phase (see Fig. 4). The drop of the flow curve during
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pressure support ventilation can be described by the following
equation (Equation 6):
D =a+ B* Auuey

Equation 6. Legends: &, instantaneous flow; a, peak inspiratory
flow immediately after the ramp; b, rate of flow reduction; c,
downward concavity of the flow trace after the inspiratory ramp, also
indicated as flow index.

Where @& represents the instantaneous flow, a is the peak
inspiratory flow immediately after the ramp, b is the rate of flow
reduction, and c¢ describes the downward concavity displayed on the
trace, i.e. the flow index [47]. The parameter ¢ can be determined via a
mathematical curve analysis. It is equal to 1 when the flow trace is
linear during the inspiratory phase, indicating the absence of patient’s
inspiratory effort. It gradually increases in case of greater downward
concavities, thus reflecting higher patient effort. Differently from
other non-invasive parameters of inspiratory effort, the flow index is
insensitive to intrinsic PEEP, thus being in theory only dependent
from effort during the inspiratory phase. This feature depends from
the fact that @ is measured on the flow trace and not on pressure
waves, as it happens with PMI, Py ; and AP, A linear relationship
between the increases in the flow index and invasive indexes of patient
effort (Pp.s and PTP.) was recently described [47], thereby
strengthening the rationale for its clinical use. In the linear mixed
model used for the analysis, the authors demonstrated the indepen-
dent association of the flow index with patient effort, showing that a
unitary increase in the flow index corresponded to an increase of 0.33
c¢cmH,0 of Py, and was also strongly correlated with PTP [47]. Two
cut-offs of the flow index to predict the amount of inspiratory effort
during assisted ventilation have been determined, using P,,s as the
reference method in patients equipped with an esophageal catheter: a
flow index < 2.6 predicted low inspiratory effort, whilst a flow index
> 4.5 was associated with high inspiratory effort. The low cut-off
predicted a P,,,,s lower than 5 cmH>0 with an AUC of 0.89, whilst the
high cut-off predicted a Py,,s higher than 10 cmH,0 with an AUC of
0.80 [48]. A similar cut-off to identify over-assistance was found in a
recent analysis, thus reinforcing previous results [49]. Unfortunately,
flow index is not directly measurable by the clinician and it needs the
algorithmic analysis of the curve. In Table 2, we synthetize the main
advantages and disadvantages of using pressure and flow curve
analysis derived indexes to evaluate patient’s inspiratory effort during
AMV.

4. Ultrasound indexes to estimate diaphragm function

Ultrasound is an increasingly recognised tool to non-invasively
estimate diaphragm function and to correct levels of assistance in
patients undergoing AMV [50].

The main ultrasound parameters to evaluate diaphragm function
are diaphragm excursion (Dg), diaphragm thickness (Dy), and
diaphragm thickening fraction (D). A recent consensus established
that, in patients undergoing AMV, a unilateral ultrasound assessment
of the right hemidiaphragm is acceptable for all these parameters,
unless unilateral dysfunction is suspected [26]. Diaphragm excursion
during inspiratory effort can be measured with the patient in a supine
position, using an ultrasound probe placed over one of the lower
intercostal spaces in the right anterior or left anterior axillary line, for
the assessment of right or left hemidiaphragm. Dg is defined as the
maximum amplitude of diaphragm movement recorded in M-mode
during inspiration [51]. A Dg of less than 1 cm during a spontaneous
breathing trial has been used to define diaphragm dysfunction in
patients undergoing mechanical ventilation [51].

Diaphragm thickness can be similarly measured during the
inspiratory phase. In a study conducted on more than 200 mechani-
cally ventilated patients, a decrease over time of diaphragm thickness
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|High inspiratory effort |

Flow
(/min)

|Moderate inspiratory effort |

Flow
(/min)

©

60T

Low inspiratory effort
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60 .

®©

No inspiratory effort

Fig. 4. Flow index in patients with high, moderate and low inspiratory effort. A progressive decrease of the flow curve upward convexity can be seen from patients with high
inspiratory effort (panel A) to patients with moderate and low inspiratory effort (panel B and C). In panel D the shape of a patient with no inspiratory effort is shown. These

curves are only representatives. Legends: 1, liters; min, minute.

of more than 10 percent has been associated with prolonged duration
of mechanical ventilation and longer intensive care unit (ICU) stay
[34]. In this analysis, Dy was measured every day during ICU stay. The
Dr value on the day of extubation or after one week from the
beginning of mechanical ventilation was compared to the value
measured at the admission time [34]. The association between the use
of sedatives and Dt has also been questioned: in a randomized
controlled trial (RCT) on 66 patients undergoing spontaneous
ventilation, the authors showed how withholding sedatives immedi-
ately increased diaphragm thickness [52].

Diaphragm thickening fraction is another important non-invasive
index of diaphragm function that has been extensively studied in the
literature. Its values in healthy, spontaneously breathing patients
during a deep inspiration at total lung capacity may vary from 50 to
200 percent [53] (equation 7).

DTf = DTinsp — DTexpDTexp

Equation 7. Legends: Dy, diaphragm thickening fraction; Drinsp,
diaphragm thickening at end-inspiration; Dr.xp, diaphragm thickness
at end-expiration.

A Dr¢ of more than 25% in patients ventilated in pressure support
mode was correlated with simpler weaning from mechanical
ventilation with a high AUC (0.9) [54]. A lower cut-off of 15% at a
single measure during the first 48 h of mechanical ventilation was a
possible good predictor of diaphragm dysfunction [55]. A wider range
of 15-30 percent of D1y was associated with stable muscle thickness
over time and with a shorter duration of mechanical ventilation [34].
D¢ was also directly associated with the total work of breathing

measured as PTP per breath and per minute, thus correlating this
non-invasive index with a reference measure for measuring patient
inspiratory effort [23]. However, its correlation with the reference
measure of inspiratory effort was weak (R? = 0.326), being higher
after excluding patients with diaphragmatic dysfunction from the
analysis (R? = 0.889) [23].

Despite the validation and interchangeable clinical use of Dg, Dr,
and Dys, two recent meta-analyses showed that measuring Di¢ is
superior to measuring Dg and Dr in predicting both success and failure
of weaning from mechanical ventilation [56,57].

Being Dg, D, and Dq¢ three ultrasound derived indices, it is
important to bear in mind that intra-operator variability can make
them less accurate [50]. When employing these indices, it is important
to ensure adequate formation for the operators involved [58].

In Table 3 we synthetize the main advantages of using ultrasound-
derived indexes to evaluate diaphragm function, whilst in Fig. 5 we
summarize safe cutoffs identified in the literature for all non-invasive
indices of inspiratory effort and respiratory drive.

5. Non-invasive indices of respiratory drive
5.1. Airway occlusion pressure at 100 ms (P0.1)

The respiratory drive is the intensity of the neural stimulus to
breath, which can be excessively low or high in critically ill patients,

possibly resulting in a too low or too high inspiratory effort. Airway
occlusion pressure at 100 ms represents the drop in airway pressure
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Table 3
Pros and cons of ultrasound-derived indexes to evaluate diaphragm function.
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Pros

Cons

Dr, Dg, D¢

Dy has been shown to be superior to Dy and
Dg in estimating patient’s diaphragmatic function.

Non-invasive measures; Unilateral evaluation is adequate
unless a unilateral deficit is suspected [24].

Do not allow continuous measurements [57,58,62];
Operator-dependent [26] [50]

Dy, diaphragm thickness; Dg, diaphragm excursion; Dy, diaphragm thickening fraction.

100 ms after the onset of a spontaneous inspiratory act, during an end-
expiratory pause (Fig. 4). No flow is present when P0.1 is measured,
and lung volume equals the end-expiratory lung volume during the
measurement. Thanks to these two features, P0.1 is ideally unaffected
by resistive components and by patient’s respiratory mechanics [59],
thus constituting a valid index of patient’s respiratory drive [60].
However, it has recently been shown how the measure of P0.1 is
impaired in case of high airway resistances [61]. An increased P0.1
reflects a strong inspiratory effort only when neuromuscular coupling
is preserved (i.e., in the absence of significant muscle weakness), being
not an adequate index of inspiratory effort in all patients [62].
Established this argument, PO.1 has often been compared in the
literature with indexes of inspiratory effort, with varying results. In a
prospective, randomized, crossover physiological trial on 14 sponta-
neously breathing mechanically ventilated patients, the authors
showed that a PO.1 higher than 3.5 cmH,0 had high sensitivity and
specificity (92% and 89%, respectively) for detecting a PTP,s higher
than 200 cmH,0*s/min, being a possible cutoff to identify under-

assistance during assisted mechanical ventilation [63]. The high
cutoff of 3.5 cmH,O0 has been further validated by Le Marec et al. [64].
In this multicenter study, the authors showed that patients with a P0.1
higher than 3.5 cmH,0O before extubation were more likely to
experience dyspnoea during spontaneous breathing (see Fig. 5).
Higher 90-day mortality was also found in patients with a PO.1 out of
range. On the other hand, Pletsch-Assuncao et al. identified a P0.1
value lower than 1.5 cmH,O as correlated to over-assistance,
associated with a PTPe of less than 50 cmH,O*s/min [65] (see
Fig. 5). Similar high cutoffs have been validated by other investigators
[25,65]. Modern ventilators have the capability to automatically
measure P0O.1 (PO.1,.,). In a recent study on five ventilators in
pressure support mode, the authors showed good correlation between
relative changes of P0O.1e, and PO.1 measured with an offline analysis
of the airway pressure curve [66]. The good correlation of PO.1cp,
when compared to the reference P0.1 has been further demonstrated
by Telias et al., using different mechanical ventilators [59]. PO.1ent
constitutes, similarly to PO.1, an indicator of patient’s respiratory

Non-invasive indices of inspiratory effort

PMI

* <1cmH,0 — overassistance*
* >6cmH,0 — underassistance

Diaphragm ultrasound

* DE<1cm:

diaphragm dysfunction
Flow 80 P g y
(/min)

* DT decreasing > 10%:
longer ICU stay;

diaphragm atrophy

* DTf< 15%:
diaphragm dysfunction

--80

Flow index
* <2.6 > lowlE

* P0.1<1.5¢cmH,0;Ap,..<6 cmH,0O — low IE
* P0.1>3.5cmH,0;AP,.. > 13 cmH,0 — high IE

Flow * >4.5-highlE
B Flow Index |
601 | Flow Index ||| | e,
30 10
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o_
-301
-60 1
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Fig. 5. Non-invasive indices to estimate patient’s inspiratory effort and drive during mechanical ventilation. Legends: PMI, pressure muscle index; P,, airway pressure;
cmH,0, centimeters of water; 1, liters; min, minutes; DE, diaphragm excursion; DT, diaphragm thickening; DTf, diaphragm thickening fraction; IE, inspiratory effort; P0.1,
airway occlusion pressure at 100 ms; AP, airway occlusion pressure. The curves shown in the figure are only representatives. *In the reported example, neuromuscular
coupling is intended to be normal, and the patient is not intended to experience muscular weakness.
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drive. Nevertheless, it has also demonstrated a good correlation with
the reference measure of inspiratory work, PTP.,, with an area under
the curve (AUC) of 0.81 and 0.92 for detecting high and low patient
effort, respectively. PO.1 is also linked with the electrical activity of
the diaphragm (Eag) in healthy volunteers and patients [59], thus
highlighting its role in evaluating respiratory drive activity. PO.1yenc
must be interpreted with caution. In a comparative analysis between
PO.1ycn and PO.1 following an offline evaluation, despite a generally
strong correlation, P0.1,.,, was, on average, higher than the reference
measurement (mean bias: 1.3 cmH,0) [59]. Higher differences, with
potential increased impact on the accuracy of the measure, were
observed in patients ventilated with longer ventilation circuits [67].
As also underlined in Table 2, This phenomenon might bring the
clinician to overestimate patients’ inspiratory drive when considering
PO.1,cn (see Table 2).

6. Absolute values of AP,.. and P0.1

For sake of simplicity, we adopted absolute values when talking
about safe cut-offs of AP,.. and PO.1. Even if this is not physiologically
correct, being these two measures expression of a negative deflection
on the airway pressure curve, this aligns with the tendence of the most
recent literature on the topic, and helps the reader to more easily
interpret their values.

7. Conclusions

During assisted and controlled mechanical ventilation in patients
that are not deeply sedated and/or paralyzed, the presence of
inspiratory muscle activity can promote P-SILI, which is directly
associated with the inspiratory effort generated by respiratory
muscles. The respiratory drive can promote a too high or low
inspiratory effort. Inspiratory drive and effort should then be
measured. The assessment of both invasive and non-invasive
measures of spontaneous respiratory activity and respiratory drive
can improve understanding of the patient’s condition and clinical
course, allowing for personalised mechanical ventilation [68].
Esophageal and transdiaphragmatic pressure remain the two refer-
ence techniques to evaluate the whole inspiratory muscle activity and
the diaphragmatic component. Several non-invasive indices may
replace them, especially in contexts where esophageal/gastric
catheters are not available. Although optimal and safe targets of
spontaneous inspiratory activity are not yet well defined and further
studies are needed for their definition, several data show that
measurement of these indexes might help the clinician, thus avoiding
under and overassistance during assisted mechanical ventilation.
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