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The undesired effects of mechanical ventilation on 
the lung [1] and the diaphragm [2] are increasingly 
appreciated.

Lung protective ventilatory strategies aim to limit tidal 
volume, driving pressure and plateau pressure to mini-
mize lung stress and strain and consequently reduce the 
morbidity and mortality risks associated with mechani-
cal ventilation [3]. This approach, however, often involves 
concomitant deep sedation and the administration of 
neuro-muscular blocking (NMBA) agents to control the 
potentially harmful patient-ventilator asynchrony and 
facilitate adherence to stringent ventilatory settings. 
However, excessive unloading of the diaphragm contrib-
utes to its weakness and atrophy which is associated with 
greater risk of weaning failure and worse outcomes [4]. A 
‘lung and diaphragm protective ventilation’ (LDPV) strat-
egy has been proposed as an approach aimed at address-
ing simultaneously the risk of ventilator-induced lung 
injury (VILI) and diaphragmatic dysfunction [4]. The 
aim of this strategy is to maintain or restore diaphragm 
activity during mechanical ventilation by titrating a res-
piratory drive to allow for sufficient diaphragm activity 
to avoid atrophy while preventing load-induced injury 
and hypertrophy, and in addition to also provide a safe 
lung-distending pressures minimizing patient-ventilator 
asynchrony. In accordance with the equation of motion, 
the pressure generated by the respiratory muscles—or 
by the mechanical ventilator—must overcome the elas-
tic and resistive load on the respiratory system to move 

the lung and the chest wall, and generate a change in vol-
ume. During active breathing, this inspiratory pressure is 
mainly generated by the contraction of the diaphragm. In 
patients with acute respiratory failure, the load imposed 
on the diaphragm can be excessive [5] and unsustain-
able, thus a mechanical support is instituted to reduce 
the work of breathing and fatigue. Indirect evidence 
suggest that excessive diaphragm loading promotes dia-
phragm injury. First, a study suggested that an exces-
sive acute inspiratory loading may induce significant 
sarcomere disruption of the diaphragm in patients with 
chronic obstructive pulmonary disease undergoing a res-
piratory muscles training program before elective surgery 
[6]. Second, an ultrasound study in invasively ventilated 
patients reported both a decrease in diaphragm thickness 
(atrophy)—from low inspiratory effort—and increase in 
diaphragmatic thickness from excessive effort in up to 
25% of patients. Both abnormalities were associated with 
prolonged mechanical ventilation [7]. A persistently high 
inspiratory effort, if not recognized and corrected, can 
promote a diaphragm inflammation and injury. In addi-
tion, the increased diaphragmatic contraction can cause 
significant changes in pleural and transpulmonary pres-
sure particularly of the dependent lung regions and an 
increase in trans-vascular pressure, all factors associated 
with the development of lung injury [8]. Conversely, a 
ventilatory over-assistance, sedation or NMBA can favor 
the generation of atelectasis and diaphragm atrophy.

Diaphragm dysfunction may be present in up of 64% of 
mechanically ventilated patients admitted to the inten-
sive care and can be related to sepsis and is associated to 
severity of the disease [9].

Although no randomized controlled trials have so far 
evaluated a ventilatory strategy according to a higher 
or lower diaphragm activity, several experimental data 
indicate deleterious effects of an absent or excessive dia-
phragm respiratory effort [4]. Recently, a panel of experts 
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suggested that the maintenance of a modest amount of 
respiratory effort—near a physiological normal activity—
is desirable to prevent diaphragm atrophy or hypertrophy 
[10].

Thus, the first step towards a LDPV and allow per-
sonalization of sedation and ventilatory assistance is 
the assessment of the inspiratory effort and muscular 
pressure.

Traditionally, inspiratory effort and work of breathing 
are measured using esophageal manometry. Esophageal 
pressure swings, the pressure–time product, and trans-
diaphragmatic pressure (which requires the additional 
measurement of gastric pressure and computed as the 
difference between the changes in gastric and esophageal 
pressure during inflation) are the most accurate method 
of measuring inspiratory effort. A recent study showed 
the possibility in critically ill patients to set a lung–dia-
phragm protective ventilation according to a predefined 
algorithm based on the transpulmonary pressure [11]. 
The esophageal pressure, which requires only one cath-
eter is more frequently used. However, the esophageal 
pressure being a surrogate of the pleural pressure assess 
not only the diaphragm but all the respiratory muscles 
activity [12]. According to the esophageal pressure swing, 
strictly upper and lower limits are still uncertain; how-
ever, it has been suggested to avoid an excessive or an 
insufficient effort an esophageal pressure above − 12/− 8 
cmH2O and below than − 3/− 2 cmH2O [4].

Furthermore, the esophageal pressure during ventila-
tion can also provide additional invaluable data such as 
the computation of the total lung distending pressure 
(i.e., lung stress), the assessment of the transmural vas-
cular pressure and the presence of patient’s ventilation 
asynchrony.

However, several clinical parameters can be imple-
mented easily at the bedside without the need of the 
above monitoring tools. These parameters are derived 
from ventilator: brief expiratory occlusion maneuvers; or 
using the diaphragm ultrasound.

A simple and readily available parameter to estimate 
respiratory drive is the P0.1 or the inspiratory pressure 
measured at 0.1 s (P0.1) of inspiration during a brief air-
way occlusion derived from the ventilator. It has been 
suggested that P0.1 should be between 1.5 and 5 cmH2O 
[4].

A more prolonged end-expiratory occlusion can allow 
the estimation of a total deflection in airway pressure 
(ΔPocc) calculated as the maximal deflection in airway 
pressure from PEEP during an end expiratory occlu-
sion. This ΔPocc seems to correlate with the total pres-
sure generated by the inspiratory muscles. It was recently 
shown that it possible to estimate muscular pressure by 
multiplying ΔPocc by 0.75 [13] and the total distending 

pressure as the difference between the driving pressure 
and 2/3 of ΔPocc [13]. A ΔPocc lower than 16–17 cmH2O 
is suggestive for an excessive respiratory effort [13, 14].

Similarly, the measurement of diaphragm thickness 
fraction, computed as the change in diaphragm thick-
ness during inspiration using ultrasound has been pro-
posed as an alternative non-invasive method. However, 
only few studies have shown an acceptable correlation 
between the changes in diaphragm thickness fraction and 
the esophageal pressure or pressure–time product [14]. 
The possible explanations for these contradictory results 
are (1) the activation of intercostal and neck muscle dur-
ing inspiration which can significantly affect the esopha-
geal pressure without any change in thickness fraction 
and (2) the variability of the ratio between the chest and 
lung elastance which can differently affect the esopha-
geal pressure changes for a similar diaphragmatic effort. 
Finally, the measurements of the diaphragm thickness 
has been reported to have only a moderate repeatability 
[14].

In conclusion, despite the availability of less invasive 
methods to estimate inspiratory effort, each suffers from 
limitations and thus, at present the esophageal pres-
sure measurement remains an invaluable bedside tool to 
ensure consistent and reliable lung and diaphragm pro-
tective ventilation.
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