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Abstract

:

Maintaining spontaneous breathing has both potentially beneficial and deleterious consequences in patients with acute respiratory failure, depending on the balance that can be obtained between the protecting and damaging effects on the lungs and the diaphragm. Neurally adjusted ventilatory assist (NAVA) is an assist mode, which supplies the respiratory system with a pressure proportional to the integral of the electrical activity of the diaphragm. This proportional mode of ventilation has the theoretical potential to deliver lung- and respiratory-muscle-protective ventilation by preserving the physiologic defense mechanisms against both lung overdistention and ventilator overassistance, as well as reducing the incidence of diaphragm disuse atrophy while maintaining patient–ventilator synchrony. This narrative review presents an overview of NAVA technology, its basic principles, the different methods to set the assist level and the findings of experimental and clinical studies which focused on lung and diaphragm protection, machine–patient interaction and preservation of breathing pattern variability. A summary of the findings of the available clinical trials which investigate the use of NAVA in acute respiratory failure will also be presented and discussed.
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1. Introduction


Competing evidence has suggested both beneficial and deleterious consequences of spontaneous breathing during assisted ventilation when compared to controlled mechanical ventilation, in patients with acute respiratory failure [1]. In fact, maintaining spontaneous breathing has been attributed various physiological advantages: improved ventilation–perfusion matching [2], improved hemodynamics [3], reduced likelihood of ventilator-induced lung injury [4], enhanced diaphragm function with reduced muscle atrophy [5].



Furthermore, spontaneous breathing during mechanical ventilation, when improperly applied, may itself aggravate lung injury [6]. Pathways leading to such patient self-induced lung injury include regional lung stress and strain [7], patient–ventilator asynchrony [8], augmented transvascular pressure and pulmonary edema [9], diaphragmatic myotrauma [10]. Minimization of these effects by neuromuscular blockage could be one of the underlying mechanisms associated with the improved outcome when spontaneous breathing abolition is applied in the first hours of acute respiratory distress syndrome [11].



Proportional modes of ventilation, such as proportional assist ventilation with load-adjustable gain factors (PAV+) and neurally adjusted ventilatory assist (NAVA), have the potential to deliver lung and respiratory muscle protective ventilation by preserving the physiologic defense mechanisms against both lung overdistention and ventilator overassistance, as well as reducing the incidence of diaphragm disuse atrophy, while optimizing patient–ventilator synchrony [12]. In this review, we will focus on the available evidence about the potential benefits which NAVA ensures while improving the match between patients’ needs and ventilator-delivered assistance. This work briefly describes NAVA technology and clinical implementation and summarizes the clinical impact associated with lung- and diaphragm-protective ventilation, enhanced breathing pattern variability and patient–ventilator interaction, during acute respiratory failure. We will also provide a summary of the available trials which have investigated the use of NAVA in acute respiratory failure patients.




2. Lung and Respiratory Muscles Protective Ventilation


2.1. Lung Injury


Two main mechanisms contribute to the occurrence of lung injury: volutrauma or barotrauma (overdistension) and atelectrauma (reiterate collapse and recruitment of the alveoli) [13]. It is increasingly acknowledged that excess energy applied to the lung, irrespective of whether it is generated by the machine (ventilator-induced lung injury, VILI) or by the patient himself (patient self-inflicted lung injury, P-SILI) [6,14] may induce or worsen lung injury [15], possibly as a result of regional stress amplification [16]. Vigorous spontaneous efforts induce large variations in transpulmonary pressure, mainly in the dorsal regions, and air redistribution from non-dependent to dependent regions, i.e., occult pendelluft [17]. Moreover, negative pleural pressure swings generated by spontaneous inspiratory efforts can drag the alveolar pressure below PEEP. The consequent increase in transmural pulmonary vascular pressure [9] may lead to the development of VILI because of increased vascular leakage [4,18,19].




2.2. Patient–Ventilator Asynchronies


Patient–ventilator dyssynchrony is the uncoupling of the ventilator (mechanical) delivered breath and patient (neural) respiratory effort. Such mismatch can be classified into timing and flow assist asynchrony: the former relates to a discrepancy between the timing of the patient neural respiratory cycle and that of the ventilator and can potentially happen during triggering, insufflation and cycling off, with extremes such as auto-triggering and ineffective efforts [20]. Flow assist asynchrony refers to a discrepancy between the amplitude of the neural respiratory output and the level of inspiratory assist provided by the ventilator.



During assisted ventilation, desynchronization of patient effort and ventilator support occurs commonly and is related with ICU and hospital length of stay and duration of mechanical ventilation [21,22,23]. If untreated, it might lead to a vicious cycle which is associated with increased mortality [8,24]: occurrence of double and reverse triggering, which then may lead to increased transpulmonary pressures, greater tidal volumes, pendelluft generation and subsequent lung injury [25,26]. On the other hand, ineffective efforts are often underestimated and associated with various factors, such as excessive assist level or sedation, both resulting in compromised respiratory drive [27]. Overassistance promotes prolonged inspiratory time, late cycling, hyperinflation and intrinsic PEEP [28], which in turn increase the threshold to trigger the ventilator and therefore facilitates ineffective efforts [23,29]. In conventional assisted modes of ventilation, it is indeed possible to bring neural and mechanical inspiratory time closer by reducing pressure support and increasing the flow threshold for cycling off [30]. Nevertheless, detection and treatment of patient–ventilator asynchronies remains a complex task in the clinical practice.




2.3. Diaphragm Injury—Myotrauma


An inadequate titration of mechanical support can also injure the respiratory muscles, leading to myotrauma and the so-called ventilator-induced diaphragm dysfunction (VIDD) [10,31]. Both ventilator over- and underassistance have been associated with rapid alterations of diaphragm structure and function [32]: inflammation due to excessive inspiratory effort [33,34,35], as well as overassistance and respiratory drive suppression [36,37]. Moreover, inadequate PEEP levels might lead to alveolar collapse during expiration and the occurrence of eccentric myotrauma [38], as well as a shorter fiber length which is associated with less efficiency and longitudinal atrophy [39]. Diaphragm contraction during dyssincronies such as reverse triggering and ineffective efforts leads to the same pathological pathway.



Integration of lung-protective ventilation principles and the growing concept of diaphragm-protective ventilation is the key to a new approach: targeting an effort level that can protect the respiratory system from both hazards [5,40].





3. Proportional Ventilation


Proportional ventilatory modes are designed to optimize patient–ventilator interaction and deliver lung and respiratory-muscle protective ventilation [41]. These methods benefit patient neural control mechanisms, which are physiologically active against both lung under- and overdistension and, consequently, against diaphragm atrophy or structural damage [42]. Aiming to comply with patient ventilatory demands, respiratory assist is provided proportionally to patient effort, in terms of pressure and timing, during the whole inspiratory cycle [43].



While under mechanical assistance, both the patient and the ventilator participate to generate the pressure needed to overcome elastic and resistive forces, as outlined by the equation of motion of the respiratory system [44]:


  Ptot = Pmus + Pvent = PEEP + Vt · Ers +     V ˙  i    · Raw  



(1)







Compared to conventional modes of assist, proportional modes change the relationship between patient effort and tidal volume, the slope of which depicts the efficiency of the respiratory system [12]. Assuming a linear relationship between Pmus and PaCO2, tidal volume increases approximately in a linear fashion with inspiratory effort during unassisted ventilation [45]. During pressure support ventilation, a constant pressure is provided, causing an upward displacement of the patient effort–tidal volume relationship, without any variation in its slope [46]. As a consequence, depending on pressure support level, underassistance could occur in high-respiratory-drive patients, exposing them to P-SILI and diaphragm load-induced injury [26]. Conversely, if the patient is able to trigger the ventilator in the absence of any additional effort, a minimum volume will always be delivered, depending on pressure support level and respiratory system mechanics [47].



When the respiratory drive is fulfilled by the minimum volume generated without diaphragm engagement, a significant overassistance takes place, leading to excessive tidal volume, neural-mechanical mismatch, impairment of inspiratory muscles activity and function [48]. Sleep quality could also be compromised if ventilator overassistance leads to decline of patient respiratory effort to the limit of PaCO2 threshold, leading to sleep apnea events [49].



On the other hand, proportional modes increase the slope of patient effort and tidal volume function: the pressure provided by the ventilator increases proportionally with the Pmus [42]. This factor constitutes the physiological principle by which lung and diaphragm protection occurs during proportional ventilation and, as the patient themself settles the assist entity, these modes have the potential to streamline the implementation of ventilatory support [50].



Well-described physiological mechanisms occur to prevent lung overdistention under such modes: the Hering–Breuer inflation–inhibition biological feedback suppresses the respiratory drive in response to high tidal volumes [51]. Moreover, at increased lung volumes, diaphragm muscular fibers are located at an unfavorable position of the length–force relationship and respiratory system compliance decreases [52]. Otherwise, in conventional assist modes, increasing the pressure support level leads to increased tidal volume regardless of neural drive inhibition [53].



During proportional ventilation, the Pmus-Vt function starts from null values, implying a minimum respiratory muscle necessary activity, and the pressure provided is zeroed whenever the patient’s effort terminates [21]. Thereby, patient–ventilator synchrony is guaranteed during the whole respiratory cycle, whilst overassistance, patient self-induced lung injury, underassistance diaphragm atrophy and sleep apnea are far less likely to occur.



Patient–ventilator synchronization, breathing variability, neuromuscular coupling and gas exchange are improved with proportional modes: all these mechanisms potentially provide lung and diaphragmatic protective ventilation [54].



Two different proportional modes of ventilation are available in clinical practice: proportional assist ventilation with load-adjustable gain factors (PAV+) and neurally adjusted ventilatory assist (NAVA) [42,55]. Since both modes share the same operational principles, i.e., delivering inspiratory assist in proportion to the patient’s effort, they both potentially share their beneficial effects on lung and diaphragm protection as well as on patient–ventilator interaction.



PAV+ supplies a ventilatory assist proportional to the instantaneous volume and flow generated by inspiratory muscles contraction. Assessment of respiratory mechanics is achieved by using the equation of motion of the respiratory system: the machine performs automated occlusions and calculates respiratory system resistance and elastance [56,57]. A bed-side adjustable gain value then determinates the amount of force to be unloaded from patient’s respiratory effort. Triggering and cycling-off are determined with conventional techniques based on pressure or flow thresholds, similar to conventional assisted modes [43].




4. NAVA—Neurally Adjusted Ventilator Assist


The autonomous respiratory system integrates peripheral chemical and neural afferents at brain stem level and generates the respiratory cycle pattern. The respiratory center is part of a network regulated by complex neural feedback, and is coordinated in the pons. There are three main respiratory stimuli in healthy subjects: chemical, metabolic and voluntary components. The respiratory neural activity is implemented with signals coming from mechanoceptors located in the lungs, respiratory muscles and the chest wall. The voluntary control system is located in cortical and over-medullary structures. The phrenic nerve runs the neural signal to induce action potential in diaphragm muscle fibers, the intensity and frequency of which establish the number of motor units activated and therefore the entity of mechanical contraction. Negativization of intrathoracic pressure, induced by ribcage expansion, results in air flow during spontaneous ventilation. The integration of these processes is defined as neuroventilatory coupling, and is depicted in Figure 1.



4.1. Basic Principles of NAVA


NAVA is an assist mode, which supplies the respiratory system with a pressure proportional to the integral of the electrical activity of the diaphragm (EAdi) [55]. The ventilator obtains the diaphragm electromyographic signal by a nasogastric tube fitted with several (generally, eight pairs) electrodes [55,58]. Optimal NAVA catheter positioning is pivotal, and it can be achieved by applying a validated anatomical index based on the presumed distance between the crural diaphragm and the tip of the nasogastric tube, and evaluating the electrocardiographic aspect of the P and QRS waves, which is indicative of the position of the electrodes in the signal trace, 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 [59]. Possible reasons for low EAdi, despite correct esophageal tube placing, are pneumatic overassistance, excessive sedation, apnea events, phrenic nerve lesions, neuromuscular diseases and muscular weakness.



EAdi is proportional to the intensity of the electrical field produced by the contraction of diaphragm muscular fibers and, at the present time, is the closer possible measure of the activity of the respiratory centers (Figure 1). Therefore, the inspiratory peak of diaphragm electrical activity (EAdi, peak) is considered a reliable proxy of central respiratory drive in either healthy individuals or acute respiratory failure patients [52,60]. Notably, EAdi is an accurate representation of patient neural output to the extent that the diaphragm is used as the main inspiratory muscle and assuming that both phrenic nerve and the neuromuscular junction (i.e., the patient’s neuro-ventilatory coupling) are intact [48]; recent evidence proves that vagal-mediated pulmonary volume feedback is preserved even in the early phase after bilateral lung transplantation, despite surgical vagotomy distal to bronchial anastomoses [61].



The area under the inspiratory EAdi curve (EAdi, AUC) is an estimate of diaphragm’s force-generating demand and sustainability of muscular contraction over time [28,62]. The mismatch between efficiency of respiratory muscles and respiratory workload determinates neural drive and force-generating capacity disassociation: under conditions such as respiratory underassistance or weaning failure, the EAdi, peak value will increase disproportionately more than the EAdi, AUC [62].




4.2. NAVA Catheter Positioning


Reliable positioning of the NAVA catheter is necessary to trace a representative EAdi signal and therefore deliver a reliable input for ventilator assistance. The optimal catheter position was defined by the stability of the EAdi signal, diaphragm electrical activity highlighted in the two central ECG leads of the catheter positioning tool during inspiration and the absence of p-wave on ECG in distal lead (Figure 2) [59]. These indications are based upon investigations where an accurate diaphragmatic activity was detected as an electromyographic signal from the catheter central electrodes highest in central frequency and reduced in root mean square [63]. In fact, when the signal is derived from central leads of the electrode array it is more efficient, preventing loss of the electromyographic input caused by diaphragm displacement along the respiratory cycle.



Brender implemented the information derived from transoesophageal electrocardiogram interpretation, considering the relative position of right atrium and diaphragm [64]. In the presence of sinus rhythm, a p-wave amplitude that decreases from cranial to caudal catheter leads and its absence in the most distal lead suggests a position caudal to the right atrium. Accordingly, QRS complexes amplitude will be higher in the upper leads and decrease in the lower leads displayed.



A simplified approach is based on the formula including measurement from Nose to Ear lobe to Xiphoid process of the sternum (NEX value) [65], modified for EAdi-catheter placement (NEXmod), which proved to be accurate prediction of catheter positioning [59]. Positive end-expiratory pressure, body position and intra-abdominal pressure are known to influence the position of the diaphragm [66]; however, NAVA ventilation is not impaired when optimal catheter position is correctly ensured: the multiple-electrode distance compensates for any possible diaphragmatic positional changes [67].



Data on normal EAdi reference values are limited [68]: differences in age, anatomical characteristics, presence of an underlying chronic lung condition and variability in the distance between the catheter and the crural diaphragm were all reported to have an influence on the absolute EAdi amplitude for a given neural output [55,69]. Patient-specific EAdi thresholds have been suggested with normalization of the EAdi value to the maximal amplitude value obtained during a voluntary maximal inspiration [70]. However, translation of this principle to critically ill patients is often limited by the inability to obtain an inspiratory effort on request. Phrenic nerve electromagnetic stimulation has been used for research purposes to normalize EAdi amplitude [71], and a physiologic study showed that peak EAadi and peak EAadi/EAdimax ratio can deliver similar information [72].




4.3. NAVA Ventilation


Under neutrally adjusted ventilator assist, the EAdi signal, measured in microvolts, is multiplied by a user-controlled gain factor, the NAVA level (cmH2O/μV), so that at every time, the pressure delivered to the respiratory system is:


  Paw =  (   NAVA   level  · EAdi  )  + PEEP  



(2)







The timing and intensity of the EAdi signal determine the timing and intensity of the ventilatory assist, resulting in a high level of synchrony between the neural respiratory cycle and the flow of the ventilator, both in terms of time and flow assist. The pressure delivered by the ventilator is then directly proportional to both EAdi and NAVA level, and the airway pressure–time outline accurately reflects the EAdi profile (Figure 3).



Contrary to most conventional modes of assisted mechanical ventilation that use solely a pneumatic trigger, NAVA takes advantage of the EAdi signal as an “electric” trigger: the ventilator triggers when EAdi amplitude increases (usually >0.5 μV) above the baseline and cycling off depends on reduction of the signal at a fixed (preset 70%) percentage of the peak value. The use of electrical trigger and cycling-off criteria allows for preservation of the physiological variability of respiratory drive, improved patient–ventilator synchrony and unloading of respiratory muscles while avoiding overassistance. Moroever, EAdi is independent from pressure and flow generated in the respiratory system, therefore, assisted ventilation is guaranteed even in presence of high PEEP or air leaks [55].




4.4. Neuro-Ventilatory Efficiency Index (NVE) and Patient–Ventilator Breath Contribution (PVBC)


NVE describes the capacity of the respiratory muscles to generate pressure and ventilatory volume. It can be calculated as the ratio between tidal volume and EAdi during an unassisted respiratory act (i.e., during neurally assisted ventilation with NAVA level set at 0) [73]. This index has been proposed as a tool to evaluate patient readiness for extubation [74].



To quantify the relative contribution of the patient versus the ventilator to the inspiratory tidal volume, Grasselli and colleagues proposed the PVBC, calculated as the ratio of NVE during assisted and unassisted breaths [73].




4.5. Pmusc/EAdi Index or Neuro-Mechanical Efficiency Index (PEI or NME)


Bellani et al. developed an index that relates the electrical activity of the diaphragm during NAVA (EAdi) to the pressure generated by the respiratory muscles (Pmusc) [75] NME quantifies the amount of pressure the respiratory muscles can generate, normalized to EAdi, and which can be obtained at the bedside during a brief end-expiratory pause as the ratio between Paw and EAdi variations [76]. Pmusc and EAdi are related, through a proportionality coefficient, with some degree of interpatient variability, although a stability within each patient under different modes or levels of ventilator assistance was described. However, further investigation is required with NME, as repeated measurements within an individual patient exhibited unacceptably high variation and there was no correlation between NME variability and clinical parameters [76].




4.6. NAVA Level Setting


Several strategies have been proposed to adjust the NAVA level gain factor, each with its principles, advantages and drawbacks. The main methods are reported in Table 1.



The first method proposed is based on a “pressure matching” setting with the NAVA preview option. A curve is displayed on the ventilator in a different color, which shows an appraisal of the airway pressure that would be delivered if NAVA mode were applied. The NAVA preview (Paw) curve profile is proportional to diaphragm electrical activity and the amount of assist depends on EAdi amplitude and NAVA level setting.



Notably, the mechanical energy supplied to the lung, even when the peak pressures are similar, is lower in NAVA than PSV because proportionality implies a smaller area under the Paw curve. Hence, it is possible to set an inspiratory assist to obtain peak or mean airway pressure values similar to the ones previously reached during PSV (Paw matching). However, the application of this principle entails the risk of frustrating the full-range of potential advantages of NAVA ventilation itself [53], as the level of support is not set according to the extent of patient inspiratory drive.



Another NAVA level setting requires targeting the same minute ventilation obtained in PSV with protective volume at a fixed respiratory rate (ventilation matching) [77]. However, as previously described, during NAVA, neither tidal volume nor minute ventilation is directly under the user’s control; as a consequence, the efficiency of this method depends on the initial PSV setup, again not taking advantage of proportional ventilation benefits.



More recent methods have been developed to make the best use of EAdi potentials. NAVA level titration can be performed by systematically rising the gain factor to identify an ideal level of respiratory muscle unloading [78]. Brander and colleagues hypothesized a stepwise NAVA titration procedure starting from a low level of assistance, using a breathing pattern analysis [64]. The authors described a two-phase response consisting in a first rise in airway pressure and tidal volumes accompanied by inspiratory muscle effort (esophageal PTP) and EAdi decrease in response to a NAVA level increase (first response), followed by no variation in tidal volume and airway pressure, with esophageal PTP and EAdi reduction for further augmentation in NAVA level (second response). The transition point between the first and second response was labeled as the optimal NAVA level, identified as the threshold between initial insufficient assistance and satisfaction of patient’s neural respiratory demand. Clinical application of this approach is still controversial as clear recognition of these two phases is not obvious [79].



Another EAdi-guided method was proposed by Rozé and colleagues: the authors arbitrarily titrated NAVA level targeting an EAdi equivalent to 60% of the amplitude peak produced in a daily spontaneous breathing trial (SBT), and applied for the first time a method which was based directly on the observation of diaphragm activation [80]. Systematic use of this method has resulted in a gradual EAdi decrease until extubation. The only available clinical trial which used this titration approach showed a greater number of ventilator-free days and a shorter duration of mechanical ventilation for patients undergoing NAVA, when compared to PSV [81].



Campoccia et al. assessed the feasibility of titrating the NAVA assist on different levels of muscle unloading via the application of the neuro-ventilatory efficiency index [82]. Moderate unloading targets (40%) were feasible to obtain and were associated with greater diaphragm activity and improved ventilation homogeneity, in terms of redistribution of ventilation to the dorsal-dependent lung regions.




4.7. Effects of NAVA on Lung Protection


As described earlier, NAVA allows physiological ventilation protective mechanisms to operate unhampered. Since during proportional ventilation, the mechanical inflation strictly pursues patient ventilatory demand, if inspiratory time is reduced because of Hering–Brauer reflex activation, then the tidal volume delivered will be proportionally lower. Moreover, as the airway pressure-time curve has a triangular-shaped profile, yielding lower mean Paw and transpulmonary pressures compared to PSV, this may prevent VILI occurrence. NAVA has a beneficial effect on the ventilation of the dependent regions in patients with injured lungs [83]; data obtained from an animal ARDS model suggest a reduction in recruitment–derecruitment events and, therefore, atelectrauma-related VILI [84].



Brander and colleagues indicated that VILI (wet-to-dry ratio and IL-8 concentration, tissue factor plasminogen activator inhibitor II and broncho-alveolar fluid) and non-pulmonary organ damage were significantly lower in NAVA and conventional low Vt controlled ventilation strategy compared to high tidal volume-controlled ventilation in 27 rabbits with induced ARDS [85].



During assisted ventilation, a reliable measure of respiratory system mechanics is necessary to protect the patient from the risk of self-inflicted lung injury [6,86]. Grasselli and colleagues measured Pplat by means of an end-inspiratory occlusion maneuver during NAVA and observed a good correlation with values of Crs recorded in PSV. Considering that several investigators reported that reliable measurements of Pplat can be obtained during PSV [9], the authors suggest that measuring Pplat, and consequently assess respiratory mechanics, is feasible and accountable during NAVA [87]. Availability of this information, integrated with an estimation of Pmusc derived from diaphragm electrical activity, could be used to maintain protective transpulmonary pressure during proportional ventilation in NAVA [88]. Eventually, comparison between PSV and proportional modes during exercise in 10 critically ill patients suggested a beneficial effect of proportional ventilation when ventilator demands increase over time: exercise with proportional modes was associated with a better work efficiency and less increase in VO2 than with PSV, while the ventilator modes did not affect patients’ dyspnea, limb fatigue, distance, hemodynamics and breathing pattern, suggesting a possible enhancement of the training effect and facilitation of rehabilitation [89].




4.8. Effects of NAVA on Diaphragm Protection


Proportional ventilation may also facilitate a diaphragm-protective ventilation, avoiding both over- and underassistance. The effects of NAVA and PEEP on breathing pattern during experimentally induced acute lung injury have been studied in a small animal model [90]. The authors vagotomized a group of rabbits that underwent a protocol of NAVA level and PEEP titration over two periods of time and compared the findings with non-vagotomized rabbits. Vagal-mediated reflexes induced a tonic EAdi in order to keep the lung open; lung recruitment, maintained by higher PEEP levels, determined higher phasic diaphragm activity and NAVA allowed to unload the diaphragm while delivering protective tidal volumes and improved overall respiratory mechanics in the long-term groups, suggesting a potential benefit for spontaneous breathing with proportional ventilation in ARDS.



Shimatani et al. suggested that maintaining spontaneous breathing, both with NAVA and PSV, could be beneficial on preventing diaphragm atrophy [91]. The authors evaluated four groups of lung-injury-induced white rabbits (non-ventilated, CMV with neuromuscular blockade, PSV and NAVA) and reported no between-groups differences in physiological index, respiratory parameters and histologic lung injury. The NAVA group had fewer asynchrony events, a smaller fractional area of sarcomere disruption, reduced proportion of apoptotic cells and decreased expression of Caspase-3 mRNA when compared with PSV, and it was suggested as a potentially better mode to prevent asynchrony and, consequently, diaphragm sarcomere injury and apoptosis.



Recently, Scharffenberg and colleagues conducted a randomized study to assess lung and diaphragmatic function in a ARDS-induced porcine model [92]. Twenty-four pigs were randomized in three groups (NAVA, noisy PSV and PCV), reporting no differences in global alveolar damage. Gas exchange and asynchrony rate did not differ between groups. Of note, NAVA resulted in higher respiratory pattern variability and less interstitial edema in dependent lung regions when compared to noisy PSV. Lung tissue IL-8 concentrations was lower in NAVA group.



Clinical data suggest that NAVA may facilitate weaning [93]—from a pathophysiological point of view, the prevention of diaphragmatic atrophy may be one of the mechanisms underlying this evidence [94]. In a clinical trial, the electrical activity of the diaphragm during NAVA was in the same range as a previous study linked to preserved muscular thickness [95,96]. Consistently, NAVA was associated with improved diaphragm mechanical efficiency [97].




4.9. Effects of NAVA on Breathing Pattern Variability


NAVA ensures greater variability and therefore a more physiologic breathing pattern, which is one of the cofactors determining gas exchange improvement. EAdi reflects natural adaptation targeting the preservation of PaCO2 values; moreover, ventilatory rate and tidal volumes are adjusted to optimize work of breathing and lung stress and strain. The electromyographic signal of diaphragm activity integrates information provided by feedback systems from respiratory system mechanoceptors, vagal afferences and central respiratory centers [98,99]. NAVA improved the breathing pattern in terms of tidal volume and respiratory rate variability in porcine models [92]; consistently, healthy individuals adapt diaphragm activity at different NAVA levels to maintain tidal volume to settle PaCO2 [52,100]. Indeed, the ventilator setting during NAVA only partially determines tidal volume, which is ultimately set by the patient’s neural control, ultimately decreasing the risk of overassistance and lung injury [64].




4.10. Effects of NAVA on Optimization of Patient–Ventilator Interaction


NAVA has the potential benefit of optimizing neuromechanical coupling, reducing the likelihood of asynchrony during mechanical ventilation. As outlined above, proportional modes, by their very definition, supply a ventilatory assist as close as possible to the patient’s physiological needs. The use of EAdi as the criteria to trigger (even in patients with high intrinsic PEEP) and cycle-off the ventilatory support is the finest approach developed so far to achieve human–machine harmonization [101].



Beck et al. considered the different patterns of interaction and muscle unloading in response to two different modes of assist: ARDS was induced in 12 rabbits and various levels of PSV and NAVA assistance were compared on synchrony, breathing pattern variability, mechanical work of breathing (expressed as transdiaphragmatic pressure time product-PdiTP) and electrical energy consumption (as EAdi time product-EAdiTP) [102]. The incidence of asynchrony increased as PSV level increased; NAVA reduced asynchrony, specifically, ineffective triggering. Increasing NAVA level led to both PdiTP and EAdiTP reduction, without alterations in protective tidal volume. Conversely, EAdiTP, PdiTP and tidal volume increased after augmenting PSV to high levels. These results suggest that ventilator asynchrony is a cause of diaphragm electrical and mechanical load, and that NAVA could be a better option, compared to PSV, as an assist mode of ventilation in ARDS.



The same authors also assessed whether NAVA could supply ventilatory assistance employing non-invasive interface in rabbits [103]. Even if a high interface leak was detected, the results suggest good animal–ventilator interaction and unloading of respiratory muscles.



A prospective interventional study in 22 spontaneously breathing patients intubated for acute respiratory failure found that NAVA, as compared with PSV, reduced trigger delay and total asynchrony events from an average of 3 to 1 event/minute; no ineffective effort or late cycling was observed, and premature cycling was significantly reduced with NAVA [104].



As opposed to PSV, this ventilatory mode led to patient–ventilator interaction improvement in observational studies [105]. Schmidt et al. indicate that NAVA prevented overdistention and ineffective efforts enhancing the match between the patient and the ventilator in a crossover trial [100]. Similar conclusions were reported by Ferreira et al. and by Lamouret and colleagues [106,107]. Results from recent, larger clinical trials point in the same direction, confirming the physiological advantages of neurally adjusted ventilation assist on patient–ventilator interaction [81,94,95]. Even if these studies were not designed to demonstrate a superiority in terms of asynchrony occurrence, the overall use of sedative agents was reported to be consistently lower in NAVA arms, suggesting an enhanced patient–ventilator interaction.



In the only physiologic study comparing NAVA and PAV+ in adult patients, Akoumianaki et al. found that PAV+ performed better than NAVA when elastic load increased: the authors found that the linear correlation between tidal volume and the inspiratory integral of transdiaphragmatic pressure was weaker with NAVA than with PAV+ and PSV on account of a weaker inspiratory integral of the electrical activity of the diaphragm–transdiaphragmatic pressure linear correlation during NAVA. The authors questioned whether such a weak EAdi-PTPdi integral linear relationship during NAVA might limit its effectiveness to assist the inspiratory effort [108].




4.11. Possible Limitations of NAVA Ventilation


Neurally adjusted ventilation has not yet, to our knowledge, conclusively demonstrated improved patient-centered outcomes in any clinical trial, nor has it been extensively adopted into clinical practice. As an example, Hadfield et al. could not find a superiority of NAVA compared with PSV in terms of ICU or hospital stay, duration of MV or mortality [109].



Several technological aspects may relate to this limitation. During NAVA an EAdi increase >0.5 μV above baseline triggers inspiratory assist and cycling is determined by a fall at a pre-set percentage of its peak value. In the absence of a quality EAdi signal, assisted breaths can be initiated either by variations in Paw or flow, depending on which trigger happens first. Indeed, the electromyographic signal is independent from pressure and flow, thus, triggering is not affected by the presence of air-leaks or autoPEEP [55]. Nonetheless, high incidence of flow-triggered respiratory cycles during NAVA ventilation has been reported [108]. Difficulty in acquiring and maintaining a satisfactory EAdi signal occurred in 10 out of 36 (27.8%) NAVA participants and cross-over from NAVA to PSV was observed in a large RCT [109]. Di Mussi et al. reported NAVA failure in 7 out of 20 patients (35%) due to scarce EAdi synchrony or low EAdi amplitude, despite having obtained a reliable EAdi signal at baseline [97]. However, similar criticisms were not reported in other recent clinical trials [81,94,110]. Double triggering is related to a biphasic shape in EAdi signal, and it occurs more frequently in NAVA than in PSV [95,104,105]. However, given the proportionality of the assist level, the second cycle in NAVA often results in no flow generation and subsequently no breath stacking nor high Vt, which is the main concern related to double triggering in assist-controlled modes [111].



In the end, the exact reasons for the differences between the theoretical advantages and the practical use of NAVA remain to be investigated. Even though ‘technical issues’ was most commonly selected as the most important single disadvantage in a recent clinical survey, ‘low experience, skills or confidence’ were pointed out as a major barrier to acceptance and implementation of NAVA [112]. Contextual aspects including availability, cost, access to the technology, are crucial: NAVA mode is available only with specific oesophageal catheter on a dedicated ventilator produced by a single manufacturer. Human issues such as prevalent culture, varying levels of expertise, staff-to-patient ratios and admission rates may also play an important role as limiting factors.




4.12. Differences with Automated Weaning Systems


Automated (computerized) weaning from mechanical ventilation has recently been suggested as an attractive alternative to usual physician-driven weaning, for its potentially beneficial effects in terms of reduction of the duration of mechanical ventilation. Such modes were originally developed to overcome the clinicians’ underrecognition of patients’ ability to breathe without assistance, prolonging mechanical ventilation and increasing the incidence of its complications [113,114,115]. The main commercially available systems are adaptive support ventilation (ASV) on Hamilton (Hamilton Medical, Bonaduz, Switzerland), and Smartcare on Evita ventilators (Dräger, Lübeck, Germany). The use of such systems was associated with a significantly shorter time to the first successful breathing trial, and successful extubation, with fewer tracheostomies and episodes of extended ventilation [116]. However, the results were obtained from a highly selected population of critically ill patients, and the main limitation of such systems is that they primarily rely on assessing respiratory mechanics, patterns of breathing, and gas exchange (each measure of which has questionable reliability when assessed over brief periods) and none are currently integrated with actual measures of respiratory drive or effort, nor do they deliver proportional assist. In fact, both Smartcare and ASV use “conventional” pneumatic signals such as flow and volume [117]. NAVA, on the other hand, has the unique feature to control ventilator functioning through the electrical activity of the diaphragm (EAdi), since the mechanical support is on-triggered and cycled off by the EAdi, and is proportional to that signal throughout each inspiration [55].





5. Clinical Use of NAVA in Acute Respiratory Failure


Optimizing ventilator machine–patient interaction, minimizing ventilator-related and self-inflicted lung injury, reducing myotrauma are the main strategies to improve the outcome in patients with acute respiratory failure. Most clinical trials advocating the use of NAVA in patients with acute respiratory failure considered pressure support ventilation as the comparator, established treatment mode [118]. In general, the common limitation to most of the studies is that, for the sake of easier comparison between the two modes of assistance, NAVA level has generally been titrated with “conventional” pressure- or volume-based criteria (such as a similar peak airway pressure as during pressure-, or a matched respiratory rate and tidal volume). The lack of reliance on titration protocols based on each patient’s central drive might in part explain the negative results of many comparisons, as the full-range of advantages of proportional support in the NAVA group might not have been achieved due to the design of the studies. Table 2 summarizes the characteristics of the studies included in the current systematic review.



Colombo and colleagues performed the first study of NAVA in critically ill patients, evaluating the response to different levels of ventilatory assistance [119]. They included patients receiving invasive mechanical ventilation for a variable time interval and with various underlying diseases. NAVA level was titrated on Paw with NAVA preview function, while maintaining a constant sedation. The authors showed significant differences at higher assist levels in breathing pattern and respiratory drive; although Paw peak values were not different between PSV and NAVA, the former was associated with a greater ventilator assistance and a smaller neural drive. NAVA did not increase the risk of dynamic hyperinflation, while PSV demonstrated significantly prolonged mechanical insufflation exceeding the neural inspiratory time. As opposed to PSV, NAVA enhanced tidal volume variability, ensuring a more physiologic breathing pattern. All these changes have proven to be more evident at higher assist levels, suggesting that NAVA potentially limited the risk of overassistance, limited patient–ventilator asynchrony and optimized the interaction with the machine.



Demoule et al. conducted a randomized multicenter study which enrolled patients who received mechanical ventilation for more than 24 h for acute respiratory failure with a respiratory cause [94]. Sixty-two patients receiving NAVA were compared with sixty-six patients in PSV. NAVA level setting was targeted on a resulting Vt of 6–8 mL/kg IBW; both groups had the same weaning protocol, consisting of daily spontaneous breathing trials. Notably, the centers included were already experienced with NAVA mode and EAdi monitoring was available for both groups. This study was the first to demonstrate that NAVA is safe and feasible for several days, in routine critical ill patient care. NAVA enhanced patient–ventilator synchrony and resulted in lower dyspnoea occurrence and less need for post-extubation NIV. Notwithstanding the theoretical advantages, NAVA did not improve the likelihood of remaining in an assisted mode, and it did not reduce overall ICU mortality, nor the duration of mechanical ventilation. The authors suggested that NAVA could be mostly beneficial in selected patients, with specific causal factors determining respiratory failure, such as COPD, major patient–ventilator asynchrony and those difficult to wean.



Ferreira and colleagues designed a crossover trial on 20 mechanically ventilated patients who underwent an SBT in PSV or NAVA [107]. This is the first trial evaluating NAVA application continuously until extubation. The most common causes of respiratory failure were chronic obstructive pulmonary disease (COPD) exacerbation and pneumonia. NAVA level was titrated to generate an equivalent peak airway pressure, with a PEEP of 5 cmH2O. When compared to PSV, NAVA reduced patient–ventilator asynchrony index, by reducing triggering and cycling delay, and generated, during an SBT, a similar breathing pattern.



Liu et al. performed a randomized monocentric trial to investigate whether NAVA was more effective in difficult-to-wean patients when compared to PSV [95]. Ninety-nine patients who had already failed a first SBT or undergone reintubation were enrolled. NAVA titration was set on protective volume ventilation, with a fixed trigger of EAdi. Of note, the EAdi signal was not available for PSV patients, allowing a real comparison of pressure support ventilation as used in clinical practice. This was the first work to demonstrate that NAVA decreased the duration of weaning, increased ventilator-free days and the probability of successful weaning as compared to PSV.



Hadfield and colleagues compared NAVA and PSV in patients at risk of prolonged mechanical ventilation (i.e., those with COPD, heart failure or ARDS) in a feasibility RCT [109]. NAVA level titration was based on matching pressure delivery through NAVA preview mode. Seventy-two patients were included in four academic centers; the results showed feasibility and safety over a prolonged period of time (beyond 48 h) of NAVA application, without any adverse event. Exploratory clinical outcomes highlighted advantages of NAVA over PSV in this specific population: increased ventilator-free days, reduced time to breathing without assistance, reduced time to ICU discharge, improved sedation management and reduced hospital mortality.



Diniz-Silva and colleagues compared NAVA and PSV in providing protective ventilation in ARDS patients [111]. ARDS patients have been included in other studies, with unspecified timing or during weaning phase [21,94,120]; this crossover, single-center, randomized trial enrolled 20 patients just after neuromuscular blockage and deep sedation discontinuation. The study period was short and 25% of patients interrupted the protocol for excessive respiratory drive. The authors concluded that most patients with ARDS, under continuous sedation, could be ventilated in NAVA within protective levels; NAVA and PSV resulted in similar breathing patterns, whereas NAVA resulted in a greater, although still protective, Paw than PSV. There was no difference in asynchrony index between the two groups.



Kacmarek et al. carried out a multicenter, randomized controlled trial under the hypothesis that NAVA, compared to conventional lung-protective mechanical ventilation, may determine benefits on ventilator-free days and mortality in patients with acute respiratory failure [81]. The study enrolled 306 patients with hypoxemic or hypercapnic ARF, ventilated for less than 5 days and expected to require ventilation for >72 h; patients with moderate–severe ARDS were excluded. At variance with all the other studies, NAVA was used throughout the entire course of patients’ need for ventilatory support; NAVA level titration was based on achieving a EAdi at about 50% of the maximum EAdi peak obtained during a short time without ventilation assistance. The authors found that NAVA increased the number of ventilator-free days, shortened the duration of ventilation in ICU survivors and reduced reintubation rate, when compared to conventional modes.



Some recent systematic reviews and meta-analyses compared either NAVA alone or proportional modes (NAVA and PAV+) with conventional assist ventilation: Yuan et al. included 7 studies suggesting that NAVA might be superior to PSV in difficult-to-wean patients [93]; Chen et al. found a lower asynchrony index with NAVA vs. PSV and no significant differences in respiratory muscle unloading, with NAVA being associated with a significantly shorter duration of ventilation despite a similar ICU length of stay or mortality [121]; Kataoka et al. found that the use of proportional modes was associated with a reduction in the incidence of asynchronies, weaning failure and duration of mechanical ventilation, compared with PSV; however, reduced weaning failure and duration of mechanical ventilation were found with only PAV and not NAVA [54].




6. Conclusions


Neurally adjusted ventilation assist provides the potential for lung and diaphragm protective ventilation. This ventilatory mode allows physiological mechanisms to minimize the probability of volutrauma and atelectrauma, patient–ventilator asynchrony and myotrauma, while optimizing breathing pattern variability and patient–machine interaction. Indeed, the same beneficial effects of NAVA on lung and diaphragm protection and patient–ventilator interaction might apply to PAV+ as well, since both proportional modes share the same operational principles.



Setting NAVA level may be challenging in everyday clinical practice: inspiratory assist, respiratory muscle effort and unloading all need to be tailored to each patient and clinical situation. During NAVA, an optimal inspiratory assist level titration can be achieved by different means. Different approaches, based on various physiological assumptions, have been explored so far and this represents an interesting field for further investigation.



In conclusion, various clinical trials concluded that NAVA mitigate the risk of overassistance, reduced patient–ventilator asynchrony and improved patient–ventilator interaction, leading to a reduced duration of mechanical ventilation. These results seem to be even more promising in specific conditions and setting. While we wait for more conclusive evidence regarding the impact of neurally adjusted ventilatory assist on patient-centred outcomes, we suggest that the application of NAVA in acute respiratory failure patients might lead to clinically relevant results, especially if the whole range of advantages of proportional ventilation are considered with a careful titration of the inspiratory assist.







Author Contributions


Conceptualization, M.U. and S.M.; Methodology, E.A.; Writing—Original Draft Preparation, E.A.; Writing—Review and Editing, M.U. and S.M.; Supervision, S.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mauri, T.; Cambiaghi, B.; Spinelli, E.; Langer, T.; Grasselli, G. Spontaneous breathing: A double-edged sword to handle with care. Ann. Transl. Med. 2017, 5, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Putensen, C.; Mutz, N.J.; Putensen-Himmer, G.; Zinserling, J. Spontaneous breathing during ventilatory support improves ventilation-perfusion distributions in patients with acute respiratory distress syndrome. Am. J. Respir. Crit. Care Med. 1999, 159, 1241–1248. [Google Scholar] [CrossRef] [PubMed]

	



Pinsky, M.R. Cardiopulmonary interactions: Physiologic basis and clinical applications. Ann. Am. Thorac. Soc. 2018, 15, S45–S48. [Google Scholar] [CrossRef] [PubMed]

	



Yoshida, T.; Amato, M.B.P.; Kavanagh, B.P.; Fujino, Y. Impact of spontaneous breathing during mechanical ventilation in acute respiratory distress syndrome. Curr. Opin. Crit. Care 2019, 25, 192–198. [Google Scholar] [CrossRef] [PubMed]

	



Dres, M.; Beitler, J.R.; Telias, I. Lung and Diaphragm-Protective Ventilation. Am. J. Respir. Crit. Care Med. 2020, 202, 950–961. [Google Scholar] [CrossRef]

	



Brochard, L.; Slutsky, A.; Pesenti, A. Mechanical ventilation to minimize progression of pulmonary lung injury in acute respiratory failure. Am. J. Respir. Crit. Care Med. 2017, 195, 438–442. [Google Scholar] [CrossRef]

	



Yoshida, T.; Roldan, R.; Beraldo, M.A.; Torsani, V.; Gomes, S.; De Santis, R.R.; Costa, E.L.; Tucci, M.R.; Lima, R.G.; Kavanagh, B.P.; et al. Spontaneous effort during mechanical ventilation: Maximal injury with less positive end-expiratory pressure. Crit. Care Med. 2016, 44, e678–e688. [Google Scholar] [CrossRef]

	



Blanch, L.; Villagra, A.; Sales, B.; Montanya, J.; Lucangelo, U.; Luján, M.; García-Esquirol, O.; Chacón, E.; Estruga, A.; Oliva, J.C.; et al. Asynchronies during mechanical ventilation are associated with mortality. Intensive Care Med. 2015, 41, 633–641. [Google Scholar] [CrossRef]

	



Bellani, G.; Grasselli, G.; Teggia-droghi, M.; Mauri, T.; Coppadoro, A.; Brochard, L.; Pesenti, A. Do spontaneous and mechanical breathing have similar effects on average transpulmonary and alveolar pressure? A clinical crossover study. Crit. Care 2016, 20, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Goligher, E.C.; Brochard, L.J.; Reid, W.D.; Fan, E.; Saarela, O.; Slutsky, A.S.; Kavanagh, B.K.; Rubenfeld, G.D.; Ferguson, N.D. Diaphragmatic myotrauma: A mediator of prolonged ventilation and poor patient outcomes in acute respiratory failure. Lancet Respir. Med. 2019, 7, 90–98. [Google Scholar] [CrossRef]

	



Papazian, L.; Forel, J.L.; Penot-Ragon, C.; Gacouin, A.; Perrin, G.; Loundou, A.; Jaber, S.; Arnal, J.-M.; Perez, D.; Seghboyan, J.-M.; et al. Neuromuscular Blockers in Early Acute Respiratory Distress Syndrome. N. Engl. J. Med. 2010, 363, 1107–1116. [Google Scholar] [CrossRef]

	



Jonkman, A.H.; Rauseo, M.; Carteaux, G.; Telias, I.; Sklar, M.C.; Heunks, L.; Brochard, L.J. Proportional modes of ventilation: Technology to assist physiology. Intensive Care Med. 2020, 46, 2301–2313. [Google Scholar] [CrossRef] [PubMed]

	



Slutsky, A.S.; Ranieri, V.M. Ventilator-Induced Lung Injury. Crit. Care Med. 2013, 369, 2126–2136. [Google Scholar] [CrossRef]

	



Grieco, D.L.; Menga, L.S.; Eleuteri, D.; Antonelli, M. Patient self-inflicted lung injury: Implications for acute hypoxemic respiratory failure and ARDS patients on non-invasive support. Minerva Anestesiol 2019, 85, 1014–1023. [Google Scholar] [CrossRef]

	



Yoshida, T.; Uchiyama, A.; Matsuura, N.; Mashimo, T.; Fujino, Y. Spontaneous breathing during lung-protective ventilation in an experimental acute lung injury model: High transpulmonary pressure associated with strong spontaneous breathing effort may worsen lung injury. Crit. Care Med. 2012, 40, 1578–1585. [Google Scholar] [CrossRef] [PubMed]

	



Mead, J.; Takishima, T. Stress distribution in lungs: A model of elasticity. Am. J. Appl. Physiol. 1970, 28, 596–608. [Google Scholar] [CrossRef] [PubMed]

	



Yoshida, T.; Torsani, V.; Gomes, S.; De Santis, R.; Beraldo, M.A.; Costa, E.L.V.; Tucci, M.R.; Zin, W.A.; Kavanagh, B.P.; Amato, M.B.P. Spontaneous effort causes occult pendelluft during mechanical ventilation. Am. J. Respir. Crit. Care Med. 2013, 188, 1420–1427. [Google Scholar] [CrossRef]

	



Bhattacharya, M.; Kallet, R.; Ware, L.; Matthay, M. Negative Pressure Pulmonary Edema. Chest 2016, 150, 927–933. [Google Scholar] [CrossRef]

	



Yoshida, T. Spontaneous breathing during mechanical ventilation-mechanisms, risks and management. Am. J. Respir. Crit. Care Med 2017, 195, 985–992. [Google Scholar] [CrossRef] [PubMed]

	



Kondili, E.; Xirouchaki, N.; Georgopoulos, D. Modulation and treatment of patient–ventilator dyssynchrony. Curr. Opin. Crit. Care 2007, 13, 84–89. [Google Scholar] [CrossRef] [PubMed]

	



Doorduin, J.; Sinderby, C.; Beck, J.; Van der Hoeven, J.; Heunks, L.M. Assisted Ventilation in Patients with Acute Respiratory. Anesthesiology 2015, 123, 181–190. [Google Scholar] [CrossRef] [PubMed]

	



De Wit, M.; Miller, K.B.; Green, D.A.; Ostman, H.E.; Gennings, C.; Epstein, S.K. Ineffective triggering predicts increased duration of mechanical ventilation. Crit. Care Med. 2009, 37, 2740–2745. [Google Scholar] [CrossRef] [PubMed]

	



Thille, A.W.; Rodriguez, P.; Cabello, B.; Lellouche, F.; Brochard, L. Patient-ventilator asynchrony during assisted mechanical ventilation. Intensive Care Med. 2006, 32, 1515–1522. [Google Scholar] [CrossRef]

	



Thille, A.W.; Cabello, B.; Galia, F.; Lyazidi, A.; Brochard, L. Reduction of patient-ventilator asynchrony by reducing tidal volume during pressure-support ventilation. Intensive Care Med. 2008, 34, 1477–1486. [Google Scholar] [CrossRef] [PubMed]

	



Akoumianaki, E.; Lyazidi, A.; Rey, N.; Matamis, D.; Perez-Martinez, N.; Giraud, R.; Mancebo, J.; Brochard, L.; Richard, J.C. Mechanical ventilation-induced reverse-triggered breaths: A frequently unrecognized form of neuromechanical coupling. Chest 2013, 143, 927–938. [Google Scholar] [CrossRef]

	



Yoshida, T.; Nakahashi, S.; Nakamura, M.A.M.; Koyama, Y.; Roldan, R.; Torsani, V.; De Santis, R.R.; Gomes, S.; Uchiyama, A.; Amato, M.B.P.; et al. Volume Controlled Ventilation Does Not Prevent Injurious Inflation During Spontaneous Effort. Am. J. Respir. Crit. Care Med. 2017, 196, 590–601. [Google Scholar] [CrossRef]

	



de Wit, M.; Pedram, S.; Best, A.M.; Epstein, S.K. Observational study of patient-ventilator asynchrony and relationship to sedation level. J. Crit. Care 2009, 24, 74–80. [Google Scholar] [CrossRef]

	



Patroniti, N.; Bellani, G.; Saccavino, E.; Zanella, A.; Grasselli, G.; Isgrò, S.; Milan, M.; Foti, G.; Pesenti, A. Respiratory pattern during neurally adjusted ventilatory assist in acute respiratory failure patients. Intensive Care Med. 2012, 38, 230–239. [Google Scholar] [CrossRef] [PubMed]

	



Parthasarathy, S.; Jubran, A.; Tobin, M.J. Assessment of neural inspiratory time in ventilator-supported patients. Am. J. Respir. Crit. Care Med. 2000, 162, 546–552. [Google Scholar] [CrossRef] [PubMed]

	



Mirabella, L.; Cinnella, G.; Costa, R.; Cortegiani, A.; Tullo, L.; Rauseo, M.; Conti, G.; Gregoretti, C. Patient-ventilator asynchronies: Clinical implications and practical solutions. Respir. Care 2020, 65, 1751–1766. [Google Scholar] [CrossRef] [PubMed]

	



Bertoni, M.; Spadaro, S.; Goligher, E.C. Monitoring Patient Respiratory Effort During Mechanical Ventilation: Lung and Diaphragm-Protective Ventilation. Crit. Care 2020, 2020, 21–35. [Google Scholar]

	



Dres, M.; Goligher, E.C.; Heunks, L.M.A.; Brochard, L.J. Critical illness-associated diaphragm weakness. Intensive Care Med. 2017, 43, 1441–1452. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Jiang, T.X.; Road, J.D.; Redenbach, D.M.; Reid, W.D. Granulocytosis and increased adhesion molecules after resistive loading of the diaphragm. Eur. Respir. J. 2005, 26, 786–794. [Google Scholar] [CrossRef] [PubMed]

	



Reid, W.D.; Belcastro, A.N. Time course of diaphragm injury and calpain activity during resistive loading. Am. J. Respir. Crit. Care Med. 2000, 162, 1801–1806. [Google Scholar] [CrossRef]

	



Jiang, T.X.; Reid, W.D.; Belcastro, A.; Road, J.D. Load dependence of secondary diaphragm inflammation and injury after acute inspiratory loading. Am. J. Respir. Crit. Care Med. 1998, 157, 230–236. [Google Scholar] [CrossRef]

	



Levine, S. Rapid Disuse Atrophy of Diaphragm Fibers in Mechanically Ventilated Humans. N. Engl. J. Med. 2008, 358, 1327–1335. [Google Scholar] [CrossRef] [PubMed]

	



Goligher, E.C.; Fan, E.; Herridge, M.S.; Murray, A.; Vorona, S.; Brace, D.; Rittayamai, N.; Lanys, A.; Tomlinson, G.; Singh, J.M.; et al. Evolution of Diaphragm Thickness During Mechanical Ventilation: Impact of Inspiratory Effort. Am. J. Respir. Crit. Care Med. 2005, 192, 1080–1088. [Google Scholar] [CrossRef] [PubMed]

	



Pellegrini, M.; Hedenstierna, G.; Roneus, A.; Segelsjö, M.; Larsson, A.; Perchiazzi, G. The diaphragm acts as a brake during expiration to prevent lung collapse Mariangela Pellegrini. Am. J. Respir. Crit. Care Med. 2017, 195, 1608–1616. [Google Scholar] [CrossRef]

	



Lindqvist, J.; van den Berg, M.; van der Pijl, R.; Hooijman, P.E.; Beishuizen, A.; Elshof, J.; de Waard, M.; Girbes, A.; Spoelstra-de Man, A.; Shi, Z.-H.; et al. Positive End-expiratory Pressure Ventilation Induces Longitudinal Atrophy in Diaphragm Fibers. American Journal of Respiratory and Critical Care Medicine. Am. J. Respir. Crit. Care Med. 2018, 120947, 1–55. [Google Scholar]

	



Jaber, S.; Bellani, G.; Blanch, L.; Demoule, A.; Esteban, A.; Gattinoni, L.; Guerin, C.; Hill, N.; Laffey, J.G.; Maggiore, S.M.; et al. The intensive care medicine research agenda for airways, invasive and noninvasive mechanical ventilation. Intensive Care Med. 2017, 43, 1352–1365. [Google Scholar] [CrossRef] [PubMed]

	



Rauseo, M.; Piquilloud, L. Proportional modes. In ERS Practical Handbook of Invasive Mechanical Ventilation; The European Respiratory Society: Sheffield, UK, 2019; pp. 62–73. [Google Scholar] [CrossRef]

	



Younes, M. Proportional Assist Ventilation, a New Approach to Ventilatory Support. Am. Rev. Respir. Dis. 1992, 145, 114–120. [Google Scholar] [CrossRef]

	



Suarez-Sipmann, F. New modes of assisted ventilation. Med. Intensiva. 2014, 38, 249–260. [Google Scholar] [CrossRef]

	



Kacmarek, R.M. Proportional assist ventilation and neurally adjusted ventilatory assist. Respir. Care 2011, 56, 140–152. [Google Scholar] [CrossRef] [PubMed]

	



Georgopoulos, D.; Mitrouska, I.; Bshouty, Z.; Webster, K.; Patakas, D.Y.M. Respiratory response to CO2 during pressure-support ventilation conscious normal humans. Am. J. Respir. Crit. Care Med. 1997, 6, 619–624. [Google Scholar]

	



Georgopoulos, D.; Mitrouska, I.; Webster, K.; Bshouty, Z.; Younes, M. Effects of inspiratory muscle unloading on the response of respiratory motor output to CO2. Am. J. Respir. Crit. Care Med. 1997, 155, 2000–2009. [Google Scholar] [CrossRef] [PubMed]

	



Mitrouska, J.; Xirouchaki, N.; Patakas, D.; Siafakas, N.; Georgopoulos, D. Effects of chemical feedback on respiratory motor and ventilatory output during different modes of assisted mechanical ventilation. Eur. Respir. J. 1999, 13, 873–882. [Google Scholar] [CrossRef]

	



Spinelli, E.; Mauri, T.; Beitler, J.R.; Pesenti, A.; Brodie, D. Respiratory drive in the acute respiratory distress syndrome: Pathophysiology, monitoring, and therapeutic interventions. Intensive Care Med. 2020, 46, 606–618. [Google Scholar] [CrossRef] [PubMed]

	



Alexopoulou, C.; Kondili, E.; Plataki, M.; Georgopoulos, D. Patient-ventilator synchrony and sleep quality with proportional assist and pressure support ventilation. Intensive Care Med. 2013, 39, 1040–1047. [Google Scholar] [CrossRef]

	



Xirouchaki, N.; Kondili, E.; Klimathianaki, M.; Georgopoulos, D. Is proportional-assist ventilation with load-adjustable gain factors a user-friendly mode? Intensive Care Med. 2009, 35, 1599–1603. [Google Scholar] [CrossRef]

	



Leiter, J.C.; Manning, H.L. The Hering-Breuer reflex, feedback control, and mechanical ventilation: The promise of neurally adjusted ventilatory assist. Crit. Care Med. 2010, 38, 1904. [Google Scholar] [CrossRef]

	



Sinderby, C.; Beck, J.; Spahija, J.; de Marchie, M.; Lacroix, J.; Navalesi, P.; Slutsky, A.S. Inspiratory muscle unloading by neurally adjucted ventilatory assist during maximal inspiratory efforts in healthy subjects. Chest 2007, 131, 711–717. [Google Scholar] [CrossRef] [PubMed]

	



Cecchini, J.; Schmidt, M.; Demoule, A.; Similowski, T. Increased diaphragmatic contribution to inspiratory effort during neurally adjusted ventilatory assistance versus pressure support: An electromyographic study. Anesthesiology 2014, 121, 1028–1036. [Google Scholar] [CrossRef] [PubMed]

	



Kataoka, J.; Kuriyama, A.; Norisue, Y.; Fujitani, S. Proportional modes versus pressure support ventilation: A systematic review and meta-analysis. Ann. Intensive Care 2018, 8, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Sinderby, C.; Navalesi, P.; Beck, J.; Skrobik, Y.; Comtois, N.; Friberg, S.; Gottfried, S.B.; Lindström, L. Neural control of mechanical ventilation in respiratory failure. Nat. Med. 1999, 5, 1433–1436. [Google Scholar] [CrossRef]

	



Younes, M.; Kun, J.; Masiowski, B.; Webster, K.; Roberts, D. A Method for Noninvasive Determination of Inspiratory Resistance during Proportional Assist Ventilation. Am. J. Respir. Crit. Care Med. 2001, 163, 829–839. [Google Scholar] [CrossRef]

	



Younes, M.; Webster, K.; Kun, J.; Roberts, D.; Masiowski, B. A method for measuring passive elastance during proportional assist ventilation. Am. J. Respir. Crit. Care Med. 2001, 164, 50–60. [Google Scholar] [CrossRef] [PubMed]

	



Sinderby, C.A.; Beck, J.C.; Lindstrom, L.H.; Grassino, A.E. Enhancement of signal quality in esophageal recordings of diaphragm EMG. Am. J. Appl. Physiol. 1997, 82, 1370–1377. [Google Scholar] [CrossRef]

	



Barwing, J.; Ambold, M.; Linden, N.; Quintel, M.; Moerer, O. Evaluation of the catheter positioning for neurally adjusted ventilatory assist. Intensive Care Med. 2009, 35, 1809–1814. [Google Scholar] [CrossRef]

	



Beck, J.; Gottfried, S.B.; Navalesi, P.; Skrobik, Y.; Comtois, N.; Rossini, M.; Sinderby, C. Electrical activity of the diaphragm during pressure support ventilation in acute respiratory failure. Am. J. Respir. Crit. Care Med. 2001, 164, 419–424. [Google Scholar] [CrossRef]

	



Grasselli, G.; Castagna, L.; Abbruzzese, C.; Corcione, N.; Bottino, N.; Guzzardella, A.; Colombo, S.M.; Carlesso, E.; Mauri, T.; Rossetti, V.; et al. Pulmonary volume-feedback and ventilatory pattern after bilateral lung transplantation using neurally adjusted ventilatory assist ventilation. Br. J. Anaesth. 2021, 127, 143–152. [Google Scholar] [CrossRef]

	



Muttini, S.; Villani, P.G.; Trimarco, R.; Bellani, G.; Grasselli, G.; Patroniti, N. Relation between peak and integral of the diaphragm electromyographic activity at different levels of support during weaning from mechanical ventilation: A physiologic study. J. Crit. Care 2015, 30, 7–12. [Google Scholar] [CrossRef] [PubMed]

	



Beck, J.; Sinderby, C.; Lindström, L.; Grassino, A. Influence of bipolar esophageal electrode positioning on measurements of human crural diaphragm electromyogram. J. Appl. Physiol. 1996, 81, 1434–1449. [Google Scholar] [CrossRef] [PubMed]

	



Brander, L.; Howard, L.P.; Beck, J.; Brunet, F.; Hutchison, S.J.; Slutsky, A.S.; Sinderby, C. Titration and implementation of neurally adjusted ventilatory assist in critically III patients. Chest 2009, 135, 695–703. [Google Scholar] [CrossRef] [PubMed]

	



Hanson, R.L. Predictive Criteria for Length of Nasogastric Tube Insertion for Tube Feeding. J. Parenter Enter Nutr. 1979, 3, 160–163. [Google Scholar] [CrossRef] [PubMed]

	



Pengelly, L.D.; Alderson, A.M.; Milic-Emili, J. Mechanics of the diaphragm. J. Appl. Physiol. 1971, 30, 797–805. [Google Scholar] [CrossRef] [PubMed]

	



Barwing, J.; Pedroni, C.; Quintel, M.; Moerer, O. Influence of body position, PEEP and intra-abdominal pressure on the catheter positioning for neurally adjusted ventilatory assist. Intensive Care Med. 2011, 37, 2041–2045. [Google Scholar] [CrossRef]

	



Meric, H.; Calabrese, P.; Pradon, D.; Lejaille, M.; Lofaso, F.; Terzi, N. Physiological comparison of breathing patterns with neurally adjusted ventilatory assist (NAVA) and pressure-support ventilation to improve NAVA settings. Respir. Physiol. Neurobiol. 2014, 195, 11–18. [Google Scholar] [CrossRef]

	



Beck, J.; Sinderby, C.; Lindström, L.; Grassino, A. Effects of lung volume on diaphragm EMG signal strength during voluntary contractions. J. Appl. Physiol. 1998, 85, 1123–1134. [Google Scholar] [CrossRef]

	



Sinderby, C.; Beck, J.; Spahija, J.; Weinberg, J.; Grassino, A. Voluntary activation of the human diaphragm in health and disease. J. Appl. Physiol. 1998, 85, 2146–2158. [Google Scholar] [CrossRef]

	



Jolley, C.J.; Luo, Y.M.; Steier, J.; Reilly, C.; Seymour, S.; Lunt, A.; Ward, K.; Rafferty, G.F.; Polkey, M.I.; Moxham, J. Neural respiratory drive in healthy subjects and in COPD. Eur. Respir. J. 2009, 33, 289–297. [Google Scholar] [CrossRef] [PubMed]

	



Piquilloud, L.; Beloncle, F.; Richard, J.C.M.; Mancebo, J.; Mercat, A.; Brochard, L. Information conveyed by electrical diaphragmatic activity during unstressed, stressed and assisted spontaneous breathing: A physiological study. Ann. Intensive Care 2019, 9, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Grasselli, G.; Beck, J.; Mirabella, L.; Pesenti, A.; Slutsky, A.S.; Sinderby, C. Assessment of patient-ventilator breath contribution during neurally adjusted ventilatory assist. Intensive Care Med. 2012, 38, 1224–1232. [Google Scholar] [CrossRef]

	



Rozé, H.; Repusseau, B.; Perrier, V.; Germain, A.; Seramondi, R.; Dewitte, A.; Fleureau, C.; Ouattara, A. Neuro-ventilatory efficiency during weaning from mechanical ventilation using neurally adjusted ventilatory assist. Br. J. Anaesth. 2013, 111, 955–960. [Google Scholar] [CrossRef] [PubMed]

	



Bellani, G.; Mauri, T.; Coppadoro, A.; Grasselli, G.; Patroniti, N.; Spadaro, S.; Sala, V.; Foti, G.; Pesenti, A. Estimation of patient’s inspiratory effort from the electrical activity of the diaphragm. Crit. Care Med. 2013, 41, 1483–1491. [Google Scholar] [CrossRef] [PubMed]

	



Jansen, D.; Jonkman, A.H.; Roesthuis, L.; Gadgil, S.; van der Hoeven, J.G.; Scheffer, G.J.; Girbes, A.; Doorduin, J.; Sinderby, C.; Heunks, L.M.A. Estimation of the diaphragm neuromuscular efficiency index in mechanically ventilated critically ill patients. Crit. Care 2018, 22, 1–8. [Google Scholar] [CrossRef]

	



Coisel, Y.; Chanques, G.; Jung, B.; Constantin, J.M.; Capdevila, X.; Matecki, S.; Grasso, S.; Jaber, S. Neurally adjusted ventilatory assist in critically ill postoperative patients: A crossover randomized study. Anesthesiology 2010, 113, 925–935. [Google Scholar] [CrossRef]

	



Lecomte, F.; Brander, L.; Jalde, F.; Beck, J.; Qui, H.; Elie, C.; Slutsky, A.S.; Brunet, F.; Sinderby, C. Physiological response to increasing levels of neurally adjusted ventilatory assist (NAVA). Respir. Physiol. Neurobiol. 2009, 166, 117–124. [Google Scholar] [CrossRef] [PubMed]

	



Carteaux, G.; Cordoba-Izquierdo, A.; Lyazidi, A.; Heunks, L.; Thille, A.W.; Brochard, L. Comparison between Neurally Adjusted Ventilatory Assist and Pressure Support Ventilation Levels in Terms of Respiratory Effort. Crit. Care Med. 2016, 44, 503–511. [Google Scholar] [CrossRef] [PubMed]

	



Rozé, H.; Lafrikh, A.; Perrier, V.; Germain, V.; Dewitte, A.; Gomez, F.; Janvier, G.; Ouattara, A. Daily titration of neurally adjusted ventilatory assist using the diaphragm electrical activity. Intensive Care Med. 2011, 37, 1087–1094. [Google Scholar] [CrossRef]

	



Kacmarek, R.M.; Villar, J.; Parrilla, D.; Alba, F.; Solano, R.; Liu, S.; Montiel, R.; Rico-Feijoo, J.; Vidal, A.; Ferrando, C.; et al. Neurally adjusted ventilatory assist in acute respiratory failure: A randomized controlled trial. Intensive Care Med. 2020, 46, 2327–2337. [Google Scholar] [CrossRef] [PubMed]

	



Jalde, F.C.; Jalde, F.; Wallin, M.K.E.B.; Suarez-Sipmann, F.; Radell, P.J.; Nelson, D.; Eksborg, S.; Sackey, P.V. Standardized unloading of respiratory muscles during neurally adjusted ventilatory assist: A randomized crossover pilot study. Anesthesiology 2018, 129, 769–777. [Google Scholar] [CrossRef] [PubMed]

	



Blankman, P.; Hasan, D.; Van Mourik, M.S.; Gommers, D. Ventilation distribution measured with EIT at varying levels of pressure support and Neurally Adjusted Ventilatory Assist in patients with ALI. Intensive Care Med. 2013, 39, 1057–1062. [Google Scholar] [CrossRef]

	



Widing, C.H.; Pellegrini, M.; Larsson, A.; Perchiazzi, G. The Effects of Positive End-Expiratory Pressure on Transpulmonary Pressure and Recruitment–Derecruitment During Neurally Adjusted Ventilator Assist: A Continuous Computed Tomography Study in an Animal Model of Acute Respiratory Distress Syndrome. Front. Physiol. 2019, 10, 1–13. [Google Scholar] [CrossRef]

	



Brander, L.; Sinderby, C.; Lecomte, F.; Leong-Poi, H.; Bell, D.; Beck, J.; Tsoporis, J.N.; Vaschetto, R.; Schultz, M.J.; Parker, T.G.; et al. Neurally adjusted ventilatory assist decreases ventilator-induced lung injury and non-pulmonary organ dysfunction in rabbits with acute lung injury. Intensive Care Med. 2009, 35, 1979–1989. [Google Scholar] [CrossRef]

	



Bellani, G.; Grassi, A.; Sosio, S.; Foti, G. Plateau and driving pressure in the presence of spontaneous breathing. Intensive Care Med. 2019, 45, 97–98. [Google Scholar] [CrossRef] [PubMed]

	



Grasselli, G.; Castagna, L.; Abbruzzese, C.; Corcione, N.; Colombo, S.M.; Guzzardella, A.; Mauri, T.; Scaravilli, V.; Bottino, N.; Pesenti, A. Assessment of airway driving pressure and respiratory system mechanics during neurally adjusted ventilatory assist. Am. J. Respir. Crit. Care Med. 2019, 200, 785–788. [Google Scholar] [CrossRef]

	



Mauri, T.; Yoshida, T.; Bellani, G.; Goligher, E.C.; Carteaux, G.; Rittayamai, N.; Mojoli, F.; Chiumello, D.; Piquilloud, L.; Grasso, S.; et al. Esophageal and transpulmonary pressure in the clinical setting: Meaning, usefulness and perspectives. Intensive Care Med. 2016, 42, 1360–1373. [Google Scholar] [CrossRef]

	



Akoumianaki, E.; Dousse, N.; Lyazidi, A.; Lefebvre, J.C.; Graf, S.; Cordioli, R.L.; Rey, N.; Richard, J.C.; Brochard, L. Can proportional ventilation modes facilitate exercise in critically ill patients? A physiological cross-over study: Pressure support versus proportional ventilation during lower limb exercise in ventilated critically ill patients. Ann. Intensive Care 2017, 7, 1–10. [Google Scholar] [CrossRef]

	



Allo, J.C.; Beck, J.C.; Brander, L.; Brunet, F.; Slutsky, A.S.; Sinderby, C.A. Influence of neurally adjusted ventilatory assist and positive end-expiratory pressure on breathing pattern in rabbits with acute lung injury. Crit. Care Med. 2006, 34, 2997–3004. [Google Scholar] [CrossRef]

	



Shimatani, T.; Shime, N.; Nakamura, T.; Ohshimo, S.; Hotz, J.; Khemani, R.G. Neurally adjusted ventilatory assist mitigates ventilator-induced diaphragm injury in rabbits. Respir. Res. 2019, 20, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Scharffenberg, M.; Moraes, L.; Güldner, A.; Hihle, R.; Braune, A.; Zeidler-Rentzsch, I.; Kasper, M.; Kunert-Keil, C.; Koch, T.; Pelosi, P.; et al. Comparative effects of neurally adjusted ventilatory assist and variable pressure support on lung and diaphragmatic function in a model of acute respiratory distress syndrome: A randomised animal study. Eur. J. Anaesthesiol. 2021, 38, 32–40. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, X.; Lu, X.; Chao, Y.; Beck, J.; Sinderby, C.; Xie, J.; Yang, Y.; Qui, H.; Liu, L. Neurally adjusted ventilatory assist as a weaning mode for adults with invasive mechanical ventilation: A systematic review and meta-analysis. Crit. Care 2021, 25, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Demoule, A.; Clavel, M.; Debord, C.R.; Perbet, S.; Terzi, N.; Kouatchet, A.; Wallet, F.; Roze, H.; Vargas, F.; Guerin, C.; et al. Neurally adjusted ventilatory assist as an alternative to pressure support ventilation in adults: A French multicentre randomized trial. Intensive Care Med. 2016, 42, 1723–1732. [Google Scholar] [CrossRef] [PubMed]

	



Liu, L.; Xu, X.; Sun, Q.; Yu, Y.; Xia, F.; Xie, J.; Yang, Y.; Heunks, L.; Qiu, H. Neurally Adjusted Ventilatory Assist versus Pressure Support Ventilation in Difficult Weaning. Anesthesiology 2020, 132, 1482–1493. [Google Scholar] [CrossRef] [PubMed]

	



Goligher, E.C.; Dres, M.; Fan, E.; Rubenfeld, G.D.; Scales, D.C.; Herridge, M.S.; Vorona, S.; Sklar, M.C.; Rittayamai, N.; Lanys, A.; et al. Mechanical ventilation-induced diaphragm atrophy strongly impacts clinical outcomes. Am. J. Respir. Crit. Care Med. 2018, 197, 204–213. [Google Scholar] [CrossRef]

	



Di Mussi, R.; Spadaro, S.; Mirabella, L.; Volta, C.A.; Serio, G.; Staffieri, F.; Dambrosio, M.; Cinnella, G.; Bruno, F.; Grasso, S. Impact of prolonged assisted ventilation on diaphragmatic efficiency: NAVA versus PSV. Crit. Care 2016, 20, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Brack, T.; Jubran, A.; Tobin, M.J. Effect of elastic loading on variational activity of breathing. Am. J. Respir. Crit. Care Med. 1997, 155, 1341–1348. [Google Scholar] [CrossRef]

	



Brack, T.; Jubran, A.; Tobin, M.J. Effect of resistive loading on variational activity of breathing. Am. J. Respir. Crit. Care Med. 1998, 157 Pt 1, 1756–1763. [Google Scholar] [CrossRef]

	



Schmidt, M.; Kindler, F.; Cecchini, J.; Poitou, T.; Morawiec, E.; Persichini, R.; Similowski, T.; Demoule, A. Neurally adjusted ventilatory assist and proportional assist ventilation both improve patient-ventilator interaction. Crit. Care 2015, 19, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Spahija, J.; De Marchie, M.; Albert, M.; Bellemare, P.; Delisle, S.; Beck, J.; Sinderby, C. Patient-ventilator interaction during pressure support ventilation and neurally adjusted ventilatory assist. Crit. Care Med. 2010, 38, 518–526. [Google Scholar] [CrossRef]

	



Beck, J.; Campoccia, F.; Allo, J.C.; Brander, L.; Brunet, F.; Slutsky, A.S.; Sinderby, C. Improved synchrony and respiratory unloading by neurally adjusted ventilatory assist (NAVA) in lung-injured rabbits. Pediatr. Res. 2007, 61, 289–294. [Google Scholar] [CrossRef] [PubMed]

	



Beck, J.; Brander, L.; Slutsky, A.S.; Reilly, M.C.; Dunn, M.S.; Sinderby, C. Non-invasive neurally adjusted ventilatory assist in rabbits with acute lung injury. Intensive Care Med. 2008, 34, 316–323. [Google Scholar] [CrossRef] [PubMed]

	



Piquilloud, L.; Vignaux, L.; Bialais, E.; Roesler, J.; Sottiaux, T.; Laterre, P.F.; Jolliet, P.; Tassaux, D. Neurally adjusted ventilatory assist improves patient-ventilator interaction. Intensive Care Med. 2011, 37, 263–271. [Google Scholar] [CrossRef] [PubMed]

	



Yonis, H.; Crognier, L.; Conil, J.M.; Serres, I.; Rouget, A.; Virtos, M.; Cougot, P.; Minville, V.; Fourcade, O.; Georges, B. Patient-ventilator synchrony in Neurally Adjusted Ventilatory Assist (NAVA) and Pressure Support Ventilation (PSV): A prospective observational study. BMC Anesthesiol. 2015, 15, 117. [Google Scholar] [CrossRef]

	



Lamouret, O.; Crognier, L.; Bounes, F.V.; Conil, J.M.; Dilasser, C.; Raimondi, T.; Ruiz, S.; Rouget, A.; Delmas, C.; Seguin, T.; et al. Neurally adjusted ventilatory assist (NAVA) versus pressure support ventilation: Patient-ventilator interaction during invasive ventilation delivered by tracheostomy. Crit. Care 2019, 23, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Ferreira, J.C.; Diniz-silva, F.; Moriya, H.T.; Alencar, A.M.; Amato, M.B.P.; Carvalho, C.R.R. Neurally Adjusted Ventilatory Assist (NAVA) or Pressure Support Ventilation (PSV) during spontaneous breathing trials in critically ill patients: A crossover trial. BMC Pulm. Med. 2017, 17, 139. [Google Scholar] [CrossRef] [PubMed]

	



Akoumianaki, E.; Prinianakis, G.; Kondili, E.; Malliotakis, P.; Georgopoulos, D. Physiologic comparison of neurally adjusted ventilator assist, proportional assist and pressure support ventilation in critically ill patients. Respir. Physiol. Neurobiol. 2014, 203, 82–89. [Google Scholar] [CrossRef]

	



Hadfield, D.J.; Rose, L.; Reid, F.; Cornelius, V.; Hart, N.; Finney, C.; Penhaligon, B.; Molai, J.; Harris, C.; Saha, S.; et al. Neurally adjusted ventilatory assist versus pressure support ventilation: A randomized controlled feasibility trial performed in patients at risk of prolonged mechanical ventilation. Crit. Care 2020, 24, 1–10. [Google Scholar] [CrossRef]

	



Kuo, N.Y.; Tu, M.L.; Hung, T.Y.; Liu, S.F.; Chung, Y.H.; Lin, M.C.; Wu, C.C. A randomized clinical trial of neurally adjusted ventilatory assist versus conventional weaning mode in patients with COPD and prolonged mechanical ventilation. Int. J. COPD. 2016, 11, 945–951. [Google Scholar] [CrossRef]

	



Diniz-Silva, F.; Moriya, H.T.; Alencar, A.M.; Amato, M.B.P.; Carvalho, C.R.R.; Ferreira, J.C. Neurally adjusted ventilatory assist vs. pressure support to deliver protective mechanical ventilation in patients with acute respiratory distress syndrome: A randomized crossover trial. Ann. Intensive Care 2020, 10, 1–10. [Google Scholar] [CrossRef]

	



Hadfield, D.; Rose, L.; Reid, F.; Cornelius, V.; Hart, N.; Finney, C.; Penhaligon, B.; Harris, C.; Saha, S.; Noble, H.; et al. Factors affecting the use of neurally adjusted ventilatory assist in the adult critical care unit: A clinician survey. BMJ Open Respir. Res. 2020, 7, e000783. [Google Scholar] [CrossRef] [PubMed]

	



Sulzer, C.F.; Chioléro, R.; Chassot, P.-G.; Mueller, X.M.; Revelly, J.-P. Adaptive Support Ventilation for Fast Tracheal Extubation after Cardiac Surgery. Anesthesiology 2001, 95, 1339–1345. [Google Scholar] [CrossRef] [PubMed]

	



Lellouche, F.; Mancebo, J.; Jolliet, P.; Roesler, J.; Schortgen, F.; Dojat, M.; Cabello, B.; Bouadma, L.; Rodriguez, P.; Maggiore, S.; et al. A Multicenter Randomized Trial of Computer-driven Protocolized Weaning from Mechanical Ventilation. Am. J. Respir. Crit. Care Med. 2006, 174, 894–900. [Google Scholar] [CrossRef] [PubMed]

	



Dongelmans, D.A.; Veelo, D.P.; Paulus, F.; de Mol, B.A.; Korevaar, J.C.; Kudoga, A.; Middelhoek, P.; Binnekade, J.M.; Schultz, M.J. Weaning Automation with Adaptive Support Ventilation: A Randomized Controlled Trial in Cardiothoracic Surgery Patients. Anesth. Analg. 2009, 108, 565–571. [Google Scholar] [CrossRef]

	



Burns, K.E.A.; Meade, M.O.; Lessard, M.R.; Hand, L.; Zhou, Q.; Keenan, S.P.; Lellouche, F. Wean Earlier and Automatically with New Technology (the WEAN Study). A Multicenter, Pilot Randomized Controlled Trial. Am. J. Respir. Crit. Care Med. 2013, 187, 1203–1211. [Google Scholar] [CrossRef]

	



Verbrugghe, W.; Jorens, P.G. Neurally Adjusted Ventilatory Assist: A Ventilation Tool or a Ventilation Toy? Respir. Care 2011, 56, 327–335. [Google Scholar] [CrossRef]

	



Cereda, M.; Foti, G.; Marcora, B.; Gili, M.; Giacomini, M.; Sparacino, M.E.; Pesenti, A. Pressure support ventilation in patients with acute lung injury. Crit. Care Med. 2000, 28, 1269–1275. [Google Scholar] [CrossRef]

	



Colombo, D.; Cammarota, G.; Bergamaschi, V.; De Lucia, M.; Della Corte, F.N.P. Physiologic response to varying levels of pressure support and neurally adjusted ventilatory assist in patients with acute respiratory failure. Intensive Care Med. 2008, 34, 2010–2018. [Google Scholar] [CrossRef]

	



Terzi, N.; Pelieu, I.; Guittet, L.; Ramakers, M.; Seguin, A.; Daubin, C.; Charbonneau, P.; du Cheyron, D.; Lofaso, F. Neurally adjusted ventilatory assist in patients recovering spontaneous breathing after acute respiratory distress syndrome: Physiological evaluation. Crit. Care Med. 2010, 38, 1830–1837. [Google Scholar] [CrossRef]

	



Chen, C.; Wen, T.; Liao, W. Neurally adjusted ventilatory assist versus pressure support ventilation in patient-ventilator interaction and clinical outcomes: A meta-analysis of clinical trials. Ann. Transl. Med. 2019, 7, 382. [Google Scholar] [CrossRef]








[image: Jcm 11 01863 g001 550] 





Figure 1. Neuroventilatory coupling process. The figure shows the integration of peripheral chemical and neural afferents at the respiratory centers and the efferent signals which are generated under the neuroventilatory coupling. 






Figure 1. Neuroventilatory coupling process. The figure shows the integration of peripheral chemical and neural afferents at the respiratory centers and the efferent signals which are generated under the neuroventilatory coupling.



[image: Jcm 11 01863 g001]







[image: Jcm 11 01863 g002 550] 





Figure 2. Catheter-positioning tool screen. The tool shows the progression of the retrocardiac electrocardiogram (ECG) complexes. The electrical activity of the diaphragm (Edi) signal (bottom tracing) is superimposed over the EKG tracings and should be in the middle tracings for optimal placement. 
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Figure 3. Representative tracings of airway pressure, flow, tidal volume and electrical activity of the diaphragm in a patient receiving NAVA. The figure shows how the pressure delivered by the ventilator is directly proportional to both EAdi and NAVA level, and the airway pressure-time outline accurately reflects the EAdi profile. Paw: Airway pressure; Vt: Tidal volume; EAdi: electrical activity of the diaphragm. 






Figure 3. Representative tracings of airway pressure, flow, tidal volume and electrical activity of the diaphragm in a patient receiving NAVA. The figure shows how the pressure delivered by the ventilator is directly proportional to both EAdi and NAVA level, and the airway pressure-time outline accurately reflects the EAdi profile. Paw: Airway pressure; Vt: Tidal volume; EAdi: electrical activity of the diaphragm.



[image: Jcm 11 01863 g003]







[image: Table] 





Table 1. NAVA level setting methods.
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Method

	
Advantages

	
Disvantages

	
Reference






	
Conventional approach.

(does not integrate EAdi signal)

	
Mean or peak airway pressure matching

(NAVA preview)

	
Easy to use.

Possible use as a monitoring tool to detect asynchronies method in PSV mode.

	
Does not consider variation in EAdi caused by PSV to NAVA transition.

Breathing pattern variability in EAdi may determinate difficult comparison.

Paw peak matching does not guarantee similar assist levels due to differences in pressure curve shape.

Depends on initial PSV titration quality.

	
Cecchini et al., 2014




	
Ventilation matching

	
Easy to use.

	
Tidal ventilation in NAVA is not under the user’s control.

Depends on initial PSV titration quality.

	
Coisel et al., 2010




	
Patient’s response-based approach

	
Biphasic breathing pattern response

	
Physiological method.

Reflects patient’s muscular activity.

Proved to result in a more personalized assistance level compared to NAVA preview methods.

	
Not obvious recognition of transition point (curvilinear relationship between EAdi and Pmusc), e.g., high-respiratory-drive patients.

	
Brander et al., 2009




	
Percentage of EAdi peak during SBT

	
Physiological method.

Direct observation of diaphragm activity.

Provides periodical reassessment of the NAVA level and EAdi

	
Limited to use after a negative SBT.

Maximum EAdi during SBT may be different according to the SBT setting and method.

Does not consider accessory respiratory muscles.

It may result in deleterious high inspiratory efforts in patients with high respiratory drive.

	
Rozè et al., 2011




	
Ventilatory muscles unloading

(NVE based)

	
Physiological method.

Easy to perform at the bedside.

Recommended to use moderate unloading target

	
Limited to the weaning phase.

NVE does not directly represent breathing effort.

	
Campoccia et al., 2018
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Table 2. Characteristics of the studies included in the systematic review.
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	Author, Year
	Study Type
	Etiology and Inclusion
	Sample Size
	Design
	Intervention
	Control
	Conclusions





	Colombo et al., 2008
	Crossover, prospective, randomized, controlled trial
	All intubated patients receiving partial ventilatory support
	14
	Physiological, 20 min duration
	NAVA

Paw peak-titrated support level to PSV
	PSV

Support level set to obtain protective tidal volume
	NAVA mitigated the risk of overassistance, reduced patient–ventilator asynchrony, and improved patient–ventilator interaction.



	Demoule et al., 2016
	Parallel, multicenter, randomized trial
	De novo hypoxemic respiratory failure, acute on chronic respiratory failure, acute cardiogenic pulmonary edema;

Patients on MV > 24 h for ARF
	128
	Clinical, weaning phase (14 days);

weaning failure defined as the need for switching to a controlled mode
	NAVA

Ventilation-titrated support level
	PSV

Support level set to obtain protective tidal volume, PEEP set according to local guidelines
	NAVA is safe and feasible; it does not increase the probability of remaining in assisted ventilatory mode. NAVA decreases patient–ventilator asynchrony and is associated with less frequent application of post-extubation NIV.



	Ferreira et al., 2017
	Randomized, monocentric crossover trial
	COPD, pneumonia, pleural effusion, sepsis, coma, trauma, drowning, cardiac failure, cardiac arrest;

Patients on MV > 48 h and considered ready for SBT
	20
	Physiological, 30 min SBT duration
	NAVA

Airway peak pressure matching
	PSV

Support level 5 cmH2O,

PEEP level 5 cmH2O
	NAVA reduces patient–ventilator asynchrony and generates a respiratory pattern similar to PSV during SBTs. Safe submission to SBT in NAVA.



	Liu et al., 2020
	Randomized, monocentric clinical trial
	COPD, pneumonia, sepsis, acute cardiogenic shock, neurologic disease, surgery;

Difficult-to-wean patients;

Invasive MV > 24 h
	99
	Clinical, difficult weaning patients
	NAVA

Ventilation-titrated support level
	PSV

No EADi signal available

Support level set to obtain protective tidal volume

PEEP set to maintain SpO2 >90%
	In patients difficult to wean, NAVA decreased the duration of weaning and increased ventilator-free days.



	Hadfield et al., 2020
	Open-label, parallel, multicenter, randomized controlled trial
	COPD, heart failure, ARDS;

Patients at risk of prolonged MV
	72
	Feasibility in weaning phase,

mode adherence and protocol compliance beyond 48 h
	NAVA

Paw titrated-support level

EAdi target 8 µV
	PSV

Support level set to obtain protective tidal volume
	Good adherence to assigned ventilation mode and ability to meet a priori protocol criteria. Exploratory outcomes suggest clinical benefit for NAVA compared to PSV.



	Diniz-Silva et al., 2020
	Prospective, monocentric, randomized, crossover trial
	Pneumonia, aspiration, anaphylactic shock ARDS,

MV > 24 h, inspiratory efforts for more than 6 h
	20
	Feasibility, provide protective ventilation in ARDS patients
	NAVA

Airway peak pressure matching
	PSV

support level set to generate tidal volume < 6 mL/kg PBW
	NAVA is feasible as a protective ventilation strategy in selected ARDS patients, under continuous sedation



	Kackmarek et al., 2020
	Multicenter, randomized, controlled trial
	ARF patients (heterogeneous etiologies);

MV < 5 days
	306
	Clinical, patients expected to require MV ≥ 72 h
	NAVA

Level titration: EAdi 50% of the maximum EAdi peak obtained during an SBT
	PSV

Support level set to obtain protective tidal volume
	NAVA decreased duration of MV, it did not improve survival in ventilated patients with ARF.
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