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Patient–ventilator asynchrony is a major issue during non-invasive ventilation and may lead to discomfort and treatment failure. Therefore, the identification and prompt management of asynchronies are of paramount importance during non-invasive ventilation (NIV), in both pediatric and adult populations. In this review, we first define the different forms of asynchronies, their classification, and the method of quantification. We, therefore, describe the technique to properly detect patient–ventilator asynchronies during NIV in pediatric and adult patients with acute respiratory failure, separately. Then, we describe the actions that can be implemented in an attempt to reduce the occurrence of asynchronies, including the use of non-conventional modes of ventilation. In the end, we analyzed what the literature reports on the impact of asynchronies on the clinical outcomes of infants, children, and adults.
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Introduction

Patients with Acute Respiratory Failure (ARF) may benefit from different oxygenation or ventilation supports (1, 2). In patients affected with moderate to severe forms of ARF, including cardiogenic pulmonary edema and acute-on-chronic respiratory failure, non-invasive ventilation (NIV) plays a major role (1). However, NIV is affected by a certain percentage of treatment failure, requiring mostly orotracheal intubation and institution of invasive mechanical ventilation (3).

Behind the type and severity of ARF, worsening of gas change, respiratory distress, hemodynamic instability, or neurological deterioration, NIV may also fail because of the patient’s intolerance to the treatment (3, 4). Among the reasons for treatment intolerance, there is a type of interface applied to the patient, the presence of massive air leaks, and the occurrence of patient–ventilator asynchronies (5).

Patient–ventilator asynchrony is still a major issue during NIV in neonatal, pediatric, and adult patients. In particular, patient–ventilator asynchrony significantly contributes to increasing the work of breathing (6, 7), as well as generating discomfort (8, 9). Although mechanisms behind these phenomena are well described (10–13), the impact of patient–ventilator asynchronies on clinical outcomes is still debated.

After defining the varying types of asynchronies, we aim to review the literature of the last 30 years about patient–ventilator asynchronies occurring during NIV in neonatal, pediatric, and adult patients with ARF. We aim to focus on the quantification, detection, management, and impact of asynchronies on the clinical outcomes of patients undergoing NIV.



Materials and methods


Search strategy for studies selection

The following search strategy was launched in PubMed on 10th November: ((“1992”[Date – Publication]: “2022”[Date – Publication]) AND (“patient–ventilator asynchrony” OR “patient–ventilator interaction” OR “ineffective effort” OR “wasted effort” OR “autotriggering” OR “auto-triggering” OR “double triggering” OR “premature cycling” OR “delayed cycling”)).

After retrieving all references in the published reviews to identify other studies of interest missed during the primary search, two authors independently checked all the articles and selected those enrolling neonatal, pediatric, and adult patients with ARF undergoing NIV, published between 1 January 1992 and 1 November 2022 in the English language. In case of disagreement, the expert opinion of a third examiner was requested for a conclusive decision. Case reports, review articles, editorials, and studies available only in abstract forms were excluded (Figure 1). Of the 585 searched records, 45 studies were included in the manuscript and their references were retrieved for further titles.
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FIGURE 1
Study flow diagram according to the preferred reporting items for systematic review and meta-analysis protocols recommendations.




Definitions

Asynchronous events are the lack of coordination between the respiratory activity of the patient and the mechanical assistance of the ventilator. During NIV, patient–ventilator asynchronies have been classified as (1) major (ineffective triggering, auto-triggering, and double-triggering) and (2) minor (premature or anticipated cycling, prolonged or delayed cycling, and triggering delay), depending on the extent of the disturbance of coordination (14). An example of each type of asynchrony is depicted in Figure 2.
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FIGURE 2
From top to bottom, waveforms of airway pressure (Paw), flow, and electrical activity of the diaphragm (EAdi) are depicted for each type of patient–ventilator asynchronies. Arrows highlight the asynchronous events.


Ineffective triggering, also known as ineffective or wasted efforts, is defined by a patient’s inspiratory effort not assisted by the ventilator. This asynchrony may appear during both the expiratory phase of the ventilator and the inspiratory ventilatory assistance. The possible underlying mechanisms are recognized to be weak respiratory drive and/or effort, a high intrinsic positive end-expiratory pressure (PEEPi), and an excessively low ventilator trigger sensitivity (13, 15–18).

Auto-triggering consists of a mechanical insufflation not triggered by any inspiratory effort of the patient. This type of asynchrony is commonly triggered by disturbances in airway pressure and/or flow or by air leaks, which are wrongly sensed as triggering efforts (15, 19). Therefore, their occurrence depends primarily on trigger type, sensitivity, and the ability of the ventilator to compensate for air leaks (20).

Double-triggering is characterized by one single patient inspiration supported by two mechanical cycles separated by a very short expiratory time (<30% of the mean inspiratory time) (15). The interruption of the mechanical insufflation before the completion of the patient’s effort generates a second triggered mechanical insufflation, after a brief exhalation phase (8, 15).

Premature cycling is a form of patient–ventilator asynchrony characterized by an interruption of the ventilator insufflation anticipating the patient’s effort termination; whereas, in the case of delayed cycling, the mechanical assistance is longer than the patient’s effort and it extends into the patient’s own (neural) expiration. Premature cycling is more frequent in patients with Acute Respiratory Distress Syndrome (ARDS) (21, 22) and it may result in double triggering (23), whereas delayed cycling occurs more frequently in obstructive conditions (16). During NIV, delayed cycling is most commonly induced by air leaks which prevent the achievement of the expiratory trigger threshold and insufflation cycling-off (24).




Detection of asynchronies

The rate of asynchrony is commonly measured by the Asynchrony Index (AI%), defined by the ratio between asynchronous breaths and the overall breath count, that is, the sum of ventilator cycles and non-triggered breaths expressed as a percentage (25). In patients undergoing invasive mechanical ventilation, an AI% of ≥10 is associated with worsened clinical outcomes (15, 25, 26). On the opposite, AI% values of ≥10 in patients undergoing NIV are associated with poorer comfort reported by the patients, but not with intubation rate, length of stay in ICU, or mortality (8). Therefore, whenever the AI% value is ≥10, the physician should implement actions to reduce the rate of asynchronous events (refer to the following text).

Sinderby et al. also proposed an automated and standardized method to quantify asynchronies, the so-called NeuroSync Index (27). This index is based on the assessment and monitoring of the Electrical Activity of the Diaphragm (EAdi), which requires a dedicated catheter connected to a specific ventilator to acquire the diaphragmatic signal, and an off-line analysis of the ventilator waveforms to address the rate of asynchronies. The NeuroSync Index was shown to be reproducible and correlated with a manual analysis by experts (27).


Neonatal and pediatric patients

When high-flow oxygen therapy fails, NIV is considered the gold standard treatment in newborns, infants, and pediatric patients affected by ARF (28–30). Patient–ventilator asynchrony is a major challenge in non-adult patients and it is commonly evaluated with the adjunctive EAdi signal, to monitor the diaphragmatic signal and respiratory effort (10, 11, 31). In 35 newborns and children undergoing NIV in Pressure Support Ventilation (PSV) mode, Vignaux et al. reported that the median AI% was 65 (32). Ineffective efforts, auto-triggering, and premature cycling were the most common types of asynchrony. The authors also reported that, after adjusting and optimizing the ventilator settings, the median AI% significantly decreased to 40 (32). Extremely premature infants undergoing conventional modes of NIV can be characterized by even higher median AI% up to 86%, as recently reported (33). In the pediatric population, it has been demonstrated that the use of adjunctive signals, such as the EAdi, improves the ability of pediatric intensivists to detect ineffective efforts and auto-triggering (34).



Adult patients

In adult patients, patient–ventilator asynchronies have been evaluated with several methods, such as the observation of waveforms on the ventilator screen (14), dedicated algorithms (35), or additional signals (i.e., EAdi, esophageal, or transdiaphragmatic pressure) (36, 37).

Visual inspection of ventilator waveforms is the most common method adopted in routine clinical practice. In fact, this method does not need any placement of additional catheters, which can be considered difficult to be positioned and a source of further discomfort for the patient and air leaks. However, a multicenter study showed a very low sensitivity by expert and non-expert physicians in detecting asynchronies during NIV through a helmet or face mask by the sole ventilator waveform inspection (14). Worth remarking, the rate of correct detection was inversely related to the prevalence of asynchronies (14).

Mulqueeny et al. developed an automated algorithm to detect ineffective efforts, such as expiratory flow perturbation without any ventilatory support, and double-triggering, as two mechanical ventilatory inspiratory cycles separated by less than 500 ms (35). In 10 patients undergoing NIV in PSV mode, this algorithm showed a specificity of 95.1% in the detection of asynchronies. However, this algorithm has the inner limitation to detect only ineffective efforts during expiration and double triggerings (35).

The NeuroSync Index, proposed by Sinderby et al. (27), is another automated algorithm tested during NIV in 12 patients with acute-on-chronic respiratory failure (38). NeuroSync Index ensured a proper detection of wasted efforts, triggered delays, and cycling-off errors during PSV delivered by a dedicated NIV ventilator or an ICU ventilator equipped with software for air-leaks compensation, and by non-invasive Neurally Adjusted Ventilatory Assist (NAVA) (38).

As mentioned earlier, this algorithm requires the positioning of an EAdi catheter, which somehow increases costs and the use of a dedicated ventilator equipped for EAdi monitoring and NAVA ventilation. Therefore, this system has inner limitations which restrict its application in all centers.

More recently, the application of diaphragmatic ultrasonography has been proposed to recognize patient–ventilator asynchronies during invasive mechanical ventilation (39). This technique has also been tested in healthy volunteers undergoing NIV with induced asynchronies (40). This method comprises monitoring the diaphragm dome excursion or its thickening in the apposition zone, to define the presence of the patient’s respiratory effort (40). Diaphragm ultrasonographic imaging was then in real-time coupled with the ventilator waveforms to recognize and accurately identify asynchronies (40). To note, despite diaphragm ultrasonography could be considered an “easy to learn technique” (41), the need to visualize the airway pressure curve on the ultrasound machine screen limits its use in daily clinical practice (40). That said, whenever the ventilator waveforms will be screened on the ultrasound machines, this technique may potentially have a major role in the future to assess patient–ventilator synchrony.

Finally, Electrical Impedance Tomography, a tool for bedside functional imaging of the lung, has been applied in ARDS porcine model to study the “pendelluft” phenomenon in case of asynchronies with the ventilator (42). Besides this recent and experimental use, no studies have so far evaluated the aeration or lung ventilation distribution in patients undergoing invasive mechanical ventilation or NIV with severe patient–ventilator asynchronies.




Management of asynchronies


Neonatal and pediatric patients

In neonatal and pediatric patients, the management of patient–ventilator asynchrony is of paramount importance. Since non-adult patients have a respiratory rate of up to 50 breaths/min, an optimal patient–ventilator synchronization could better unload the diaphragm (32, 43, 44).

In the case of patient–ventilator asynchronies, the physician should first assess the ventilator settings and the applied interface. In fact, by adjusting the expiratory trigger settings during PSV, patient–ventilator synchrony improves (32). In addition, the presence of considerable unintentional air leaks also affects patient–ventilator synchrony. Therefore, a change in the type of interface or adjustment of its position should be considered (45). However, if these actions fail to reduce asynchronies, non-conventional modes of ventilation can be considered. NAVA is a non-conventional mode of ventilation driven by the EAdi signal that delivers inspiratory assistance proportionally to EAdi, which is the closest recordable signal of the patient’s central respiratory drive (31). In particular, non-invasive NAVA was shown to guarantee optimal synchronization despite large air leaks or weak respiratory efforts (32, 46, 47).



Adult patients

Unintentional air leaks are the most important source of asynchrony during NIV in adults (8, 24). The presence of massive air leaks may generate a particular condition called “flow asynchrony”. In fact, flow asynchrony is defined as a ventilator flow output not coinciding with the patient’s inspiratory flow demand (48). In intubated patients, flow asynchrony increases the work of breathing (49) and dyspnea (50). To contain the occurrence of flow asynchrony, it is essential to optimize the flow delivery by adjusting the rise time, to apply NIV with a dedicated ventilator equipped with air leaks compensating software, and to reduce intentional and un-intentional leaks (3, 51, 52).

Therefore, the choice of a proper interface, the adjustment of ventilator mode and settings, and the use of ventilators with air-leaks compensating software can reduce the occurrence of patient–ventilator asynchronies, including flow asynchrony (10, 11).

The choice of the NIV interface and assessment of its positioning should be one of the first actions to implement in the case of patient–ventilator asynchrony (3). When NIV is delivered through masks or mouthpieces, the amount of air leaks is substantially different, and the higher the leaks, the higher the rate of asynchronies (53). As compared to invasive mechanical ventilation, both the mask and helmet as NIV interfaces increase the occurrence of asynchronies (54). Several studies have reported that the helmet generates a higher rate of asynchrony, compared to the mask (54, 55). Since the helmet has inner drawbacks related to the high inner volume and upward displacement during ventilator insufflation, a new generation of the helmet has been developed to improve the pressurization and patient–ventilator interaction (56, 57). As compared to the conventional helmet, the new one reduces the inspiratory trigger delay, increases the time of synchrony between diaphragm activity and ventilator assistance, and overall improves comfort (58). However, the recorded asynchronous events are similar between interfaces (58). Physicians should also minimize the number of air leaks because these events caused discomfort by themselves and are associated with asynchronous events (8).

The adjustment of ventilator settings and mode is another variable that could be corrected in case of patient–ventilator asynchrony during NIV. Among settings to be checked, a too-high inspiratory pressure is associated with AI% >10% (8). Furthermore, the cycling-off criterion should also be addressed and set with an individualized approach, to optimize synchronization with the ventilator and to avoid the “hung-up” phenomenon (24, 59).

In addition, the use of proportional modes of ventilation should also be considered, such as Proportional Assist Ventilation (PAV) or NAVA. PAV was shown to be comfortable and tolerated in patients with moderate ARF (60, 61), which may be in part attributable to synchrony. Another study has recently compared PAV with PSV in 15 patients with exacerbated COPD (62). PAV did not improve patient–ventilator interaction; in addition, the use of PAV+, a development of PAV, induced the runaway phenomenon (62), which may contribute to asynchrony (63). Indeed, PAV + requires a closed system without air leaks, making this mode no longer used during NIV (63).

In particular, while PAV requires that the physician set the assistance parameters (i.e., flow and volume assist) based on the respiratory mechanics of the patient, PAV+ has implemented software that continuously monitors the patient demand by measuring flow and volume every 5 msec during and by implementing short end-inspiratory occlusions. The physicians are asked to set only load-adjustable gain factors, and the ventilator would proportionally deliver inspiratory support based on the equation of motion of the respiratory system (64). Therefore, while air leaks would not impair the functioning of the former PAV mode, PAV+ requires a closed system to assess the flow and volume and to perform end-inspiratory occlusions (64).

On the contrary, several studies have investigated and proved that NAVA can efficiently optimize patient–ventilator synchrony during NIV delivered either by helmet (36) or by mask (65–67). More recently, a specific setting of NAVA (defined as Neurally Controlled Pressure Support) has been described during NIV through helmet (68, 69) and mask (70). Neurally Controlled Pressure Support significantly improved patient–ventilator interaction and synchrony, compared to PSV.

Third, the use of ventilators equipped with software capable to detect and compensate for air leaks significantly improves patient–ventilator interaction and synchrony (51, 71). Of note, Carteaux et al. did not confirm that the presence of NIV software reduced the occurrence of asynchronous events in ICU ventilators; however, the use of dedicated NIV machines significantly improved patient–ventilator synchrony (72).




Impact of asynchronies on the patients’ outcomes


Neonatal and pediatric patients

In an attempt to mitigate the possible effects of patient–ventilator asynchronies on clinical outcomes in neonatal and pediatric patients, several studies have compared NAVA with conventional modes of ventilation during NIV.

In a randomized crossover trial, Lee et al. randomized 15 preterm infants to receive NIV in NAVA and PSV modes (73). The authors reported that NAVA reduced the work of breathing and improved patient–ventilator synchrony, as compared to the conventional mode of NIV, even in the presence of large air leaks (73). In keeping with Lee et al. (73), Gibu et al. included eight preterm infants to receive NIV in NAVA or PSV modes (74). Infants appeared to be more comfortable during NAVA, as compared to conventional modes. However, no other clinical outcomes have been reported by both studies (73, 74). A recent systematic review with meta-analysis showed that NAVA and conventional modes of ventilation are characterized by similar NIV failure rates, but it could not determine if NAVA would prevent the worsening of respiratory failure (75). One recent randomized controlled trial has reported that NAVA ameliorated patient–ventilator synchrony; however, no differences were recorded with respect to vital parameters (i.e., heart rate and respiratory rate), comfort, apneic events or desaturations, and bradycardias (33). Another recent randomized controlled trial showed that NIV in NAVA modes reduced the occurrence of post-extubation respiratory failure in preterm infants, as compared to Continuous Positive Airway Pressure (CPAP) (76). It should be noted that CPAP does not require interaction with inspiratory pressurization of a ventilator, and this result cannot be associated with a reduction of asynchronies rate.

A physiologic crossover study demonstrated that NAVA reduces the asynchronies rate with the ventilator, and also in infants, it is a feasible and safe mode for NIV and well-tolerated by the patients (77).

In a randomized crossover study, 18 children with mild ARF received NIV in NAVA or PSV modality. The study demonstrated that NAVA is a feasible and safe mode of NIV and it reduces the occurrence of asynchronies; however, given the study design, no data are available on major clinical outcomes (78).

In addition to the large amount of data suggesting that NAVA improves patient–ventilator interaction and some minor physiological outcomes, no randomized controlled trials have so far investigated the impact of patient–ventilator asynchronies on major clinical outcomes, such as the duration of mechanical ventilation, ICU, or hospital lengths of stays and mortalities in the pediatric patients.



Adult patients

As mentioned earlier, the presence of patient–ventilator asynchronies may impair the tolerance and comfort of the patient to NIV, leading to treatment failure (3, 4, 8, 9).

AI% values of ≥ 10% significantly reduce the comfort and NIV tolerance in 60 patients who are critically ill (8) and another population including 69 acute patients undergoing NIV through oral-nasal masks (79). Proportional modes of ventilation such as NAVA have been also investigated in this regard and shown to reduce the occurrence of asynchronies (80). In a study by Schmidt et al., NAVA and PSV were compared with a cross-over design, also combining the presence or not of software for air-leaks compensation. Although NAVA improved patient–ventilator interaction and synchrony, comfort was not different between modes of ventilation (66). On the contrary, Neurally Controlled Pressure Support was demonstrated to enhance the pressurization and triggering performance, while guarantying optimal patient–ventilator synchrony during NIV through helmet (68, 69) and mask (70). In these settings, Neurally Controlled Pressure Support improved patients’ comfort with NIV (68–70).

Behind comfort improvement, no differences in mortality rate or ICU length of stay were detected between patients with or without an AI% value of ≥10% by Vignaux et al. (8). Another observational study has recently compared a cohort of 91 patients undergoing NIV in NAVA mode, with a historically and concurrently matched cohort of (134 and 202) patients undergoing NIV in PSV (81). After adjustment for confounders, NAVA did not improve the intubation rate, duration of NIV, and 90-day mortality, as compared to PSV (81). In the NAVA-NICE trial, 40 patients with acute exacerbated chronic obstructive pulmonary disease (COPD) were randomized to receive NIV through a mask in NAVA or PSV modes (82). Although reducing asynchronies, NAVA did not reduce the NIV failure rate, duration of NIV, or hospital mortality (82). Very recently, a large randomized controlled trial compared PSV and NAVA during NIV in a population of 100 patients with de novo ARF (83). In the overall population, this study did not demonstrate any difference in terms of NIV failure rates (30% vs. 32%, p = 0.83) and 28-day mortality rate (18% vs. 34%, p = 0.07) between NAVA and PSV, respectively (83). However, in the subpopulation of patients with exacerbated COPD, NAVA improved the 28-day survival rate, as compared to PSV (83). Worth mentioning, in patients with mild-to-moderate exacerbated COPD, if NIV is no more tolerated, a high-flow nasal cannula could be applied to avoid intubation, in the absence of further gas exchange worsening or respiratory distress (2, 84, 85).

It should be finally mentioned that NAVA can assure optimal patient–ventilator interaction and synchrony since the respiratory effort of the patient directly and proportionally triggers and leads the ventilator inspiratory support. Of note, NAVA requires an adjunctive cost for the dedicated catheter and proper training of physicians (31). To date, the extensive use of NAVA in all patients is not supported by the actual evidence of literature; however, well-defined patients may benefit from NIV through NAVA.




Conclusion

Patient–ventilator asynchronies are common in both pediatric and adult patients during NIV. The detection of asynchronous events (even with adjunctive signals or automated software) is fundamental to implementing changes in ventilator settings and reducing their occurrence. Although high rates of asynchrony may affect the comfort of the patient and the success of the treatment, it remains to be demonstrated if patient–ventilator asynchronies may determine a worsened clinical outcome in patients undergoing NIV.



Data availability statement

The original contributions presented in this study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

FL, AB, EG, PN, ED, and GC provided substantial contributions to the conception and design of the work. AB, EG, ST, and LV participated in the acquisition, analysis, or interpretation of data for the work. All authors participated in drafting the work, whereas FL and GC further revised it critically for important intellectual content. All authors provided approval for publication of the content and agreed to be accountable for all aspects of the work in ensuring that questions related to the accuracy or integrity of any part of the work are appropriately investigated and resolved.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Rochwerg B, Brochard L, Elliott MW, Hess D, Hill NS, Nava S. Official ERS/ATS clinical practice guidelines: noninvasive ventilation for acute respiratory failure. Eur Respir J. (2017) 50:1602426. doi: 10.1183/13993003.02426-2016

2. Oczkowski S, Ergan B, Bos L, Chatwin M, Ferrer M, Gregoretti C, et al. ERS clinical practice guidelines: high-flow nasal cannula in acute respiratory failure. Eur Respir J. (2023) 59:2101574. doi: 10.1183/13993003.01574-2021

3. Cammarota G, Simonte R, De Robertis E. Comfort during non-invasive ventilation. Front Med. (2022) 9:874250. doi: 10.3389/fmed.2022.874250

4. Squadrone E, Frigerio P, Fogliati C, Gregoretti C, Conti G, Antonelli M, et al. Noninvasive vs invasive ventilation in COPD patients with severe acute respiratory failure deemed to require ventilatory assistance. Intensive Care Med. (2004) 30:1303–10. doi: 10.1007/s00134-004-2320-7

5. Elliott MW. The interface: crucial for successful noninvasive ventilation. Eur Respir J. (2004) 23:7–8. doi: 10.1183/09031936.03.00115903

6. Tobin MJ, Jubran A, Laghi F. Patient-ventilator interaction. Am J Respir Crit Care Med. (2001) 163:1059–63. doi: 10.1164/ajrccm.163.5.2005125

7. Kondili E, Prinianakis G, Georgopoulos D. Patient-ventilator interaction. Br J Anaesth. (2003) 91:106–19. doi: 10.1093/bja/aeg129

8. Vignaux L, Vargas F, Roeseler J, Tassaux D, Thille AW, Kossowsky MP, et al. Patient-ventilator asynchrony during non-invasive ventilation for acute respiratory failure: a multicenter study. Intensive Care Med. (2009) 35:840–6. doi: 10.1007/s00134-009-1416-5

9. Hess DR. Patient-ventilator interaction during noninvasive ventilation. Respir Care. (2011) 56:153–65. doi: 10.4187/respcare.01049

10. Bruni A, Garofalo E, Pelaia C, Messina A, Cammarota G, Murabito P, et al. Patient-ventilator asynchrony in adult critically ill patients. Minerva Anestesiol. (2019) 85:676–88. doi: 10.23736/S0375-9393.19.13436-0

11. Garofalo E, Bruni A, Pelaia C, Liparota L, Lombardo N, Longhini F, et al. Recognizing, quantifying and managing patient-ventilator asynchrony in invasive and noninvasive ventilation. Expert Rev Respir Med. (2018) 12:557–67. doi: 10.1080/17476348.2018.1480941

12. Costa R, Navalesi P, Cammarota G, Longhini F, Spinazzola G, Cipriani F, et al. Remifentanil effects on respiratory drive and timing during pressure support ventilation and neurally adjusted ventilatory assist. Respir Physiol Neurobiol. (2017) 244:10–6. doi: 10.1016/j.resp.2017.06.007

13. Vaschetto R, Cammarota G, Colombo D, Longhini F, Grossi F, Giovanniello A, et al. Effects of propofol on patient-ventilator synchrony and interaction during pressure support ventilation and neurally adjusted ventilatory assist. Crit Care Med. (2014) 42:74–82. doi: 10.1097/CCM.0b013e31829e53dc

14. Longhini F, Colombo D, Pisani L, Idone F, Chun P, Doorduin J, et al. Efficacy of ventilator waveform observation for detection of patient-ventilator asynchrony during NIV: a multicentre study. ERJ Open Res. (2017) 3:00075–2017. doi: 10.1183/23120541.00075-2017

15. Thille AW, Rodriguez P, Cabello B, Lellouche F, Brochard L. Patient-ventilator asynchrony during assisted mechanical ventilation. Intensive Care Med. (2006) 32:1515–22. doi: 10.1007/s00134-006-0301-8

16. Parthasarathy S, Jubran A, Tobin MJ. Cycling of inspiratory and expiratory muscle groups with the ventilator in airflow limitation. Am J Respir Crit Care Med. (1998) 158:1471–8. doi: 10.1164/ajrccm.158.5.9802014

17. Leung P, Jubran A, Tobin MJ. Comparison of assisted ventilator modes on triggering, patient effort, and dyspnea. Am J Respir Crit Care Med. (1997) 155:1940–8. doi: 10.1164/ajrccm.155.6.9196100

18. de Wit M, Pedram S, Best AM, Epstein SK. Observational study of patient-ventilator asynchrony and relationship to sedation level. J Crit Care. (2009) 24:74–80. doi: 10.1016/j.jcrc.2008.08.011

19. Imanaka H, Nishimura M, Takeuchi M, Kimball WR, Yahagi N, Kumon K. Autotriggering caused by cardiogenic oscillation during flow-triggered mechanical ventilation. Crit Care Med. (2000) 28:402–7. doi: 10.1097/00003246-200002000-00019

20. Vignaux L, Tassaux D, Jolliet P. Performance of noninvasive ventilation modes on ICU ventilators during pressure support: a bench model study. Intensive Care Med. (2007) 33:1444–51. doi: 10.1007/s00134-007-0713-0

21. Tassaux D, Michotte JB, Gainnier M, Gratadour P, Fonseca S, Jolliet P. Expiratory trigger setting in pressure support ventilation: from mathematical model to bedside. Crit Care Med. (2004) 32:1844–50. doi: 10.1097/01.CCM.0000138561.11634.6F

22. Tokioka H, Tanaka T, Ishizu T, Fukushima T, Iwaki T, Nakamura Y, et al. The effect of breath termination criterion on breathing patterns and the work of breathing during pressure support ventilation. Anesth Analg. (2001) 92:161–5. doi: 10.1097/00000539-200101000-00031

23. Mauri T, Bellani G, Grasselli G, Confalonieri A, Rona R, Patroniti N, et al. Patient-ventilator interaction in ARDS patients with extremely low compliance undergoing ECMO: a novel approach based on diaphragm electrical activity. Intensive Care Med. (2013) 39:282–91. doi: 10.1007/s00134-012-2755-1

24. Calderini E, Confalonieri M, Puccio PG, Francavilla N, Stella L, Gregoretti C. Patient-ventilator asynchrony during noninvasive ventilation: the role of expiratory trigger. Intensive Care Med. (1999) 25:662–7. doi: 10.1007/s001340050927

25. Chao DC, Scheinhorn DJ, Stearn-Hassenpflug M. Patient-ventilator trigger asynchrony in prolonged mechanical ventilation. Chest. (1997) 112:1592–9. doi: 10.1378/chest.112.6.1592

26. Blanch L, Villagra A, Sales B, Montanya J, Lucangelo U, Lujan M, et al. Asynchronies during mechanical ventilation are associated with mortality. Intensive Care Med. (2015) 41:633–41. doi: 10.1007/s00134-015-3692-6

27. Sinderby C, Liu S, Colombo D, Camarotta G, Slutsky AS, Navalesi P, et al. An automated and standardized neural index to quantify patient-ventilator interaction. Crit Care. (2013) 17:R239. doi: 10.1186/cc13063

28. Mahmoud RA, Schmalisch G, Oswal A, Christoph Roehr C. Non-invasive ventilatory support in neonates: an evidence-based update. Paediatr Respir Rev. (2022) 44:11–8. doi: 10.1016/j.prrv.2022.09.001

29. Egbuta C, Easley RB. Update on ventilation management in the pediatric intensive care unit. Paediatr Anaesth. (2022) 32:354–62. doi: 10.1111/pan.14374

30. Fedor KL. Noninvasive respiratory support in infants and children. Respir Care. (2017) 62:699–717. doi: 10.4187/respcare.05244

31. Navalesi P, Longhini F. Neurally adjusted ventilatory assist. Curr Opin Crit Care. (2015) 21:58–64. doi: 10.1097/MCC.0000000000000167

32. Vignaux L, Grazioli S, Piquilloud L, Bochaton N, Karam O, Jaecklin T, et al. Optimizing patient-ventilator synchrony during invasive ventilator assist in children and infants remains a difficult task*. Pediatr Crit Care Med. (2013) 14:e316–25. doi: 10.1097/PCC.0b013e31828a8606

33. Treussart C, Decobert F, Tauzin M, Bourgoin L, Danan C, Dassieu G, et al. Patient-ventilator synchrony in extremely premature neonates during non-invasive neurally adjusted ventilatory assist or synchronized intermittent positive airway pressure: a randomized crossover pilot trial. Neonatology. (2022) 119:386–93. doi: 10.1159/000524327

34. Di Nardo M, Lonero M, Staffieri F, Di Mussi R, Murgolo F, Lorusso P, et al. Can visual inspection of the electrical activity of the diaphragm improve the detection of patient-ventilator asynchronies by pediatric critical care physicians? Minerva Anestesiol. (2021) 87:319–24. doi: 10.23736/S0375-9393.20.14543-7

35. Mulqueeny Q, Ceriana P, Carlucci A, Fanfulla F, Delmastro M, Nava S. Automatic detection of ineffective triggering and double triggering during mechanical ventilation. Intensive Care Med. (2007) 33:2014–8. doi: 10.1007/s00134-007-0767-z

36. Cammarota G, Olivieri C, Costa R, Vaschetto R, Colombo D, Turucz E, et al. Noninvasive ventilation through a helmet in postextubation hypoxemic patients: physiologic comparison between neurally adjusted ventilatory assist and pressure support ventilation. Intensive Care Med. (2011) 37:1943–50. doi: 10.1007/s00134-011-2382-2

37. Costa R, Navalesi P, Antonelli M, Cavaliere F, Craba A, Proietti R, et al. Physiologic evaluation of different levels of assistance during noninvasive ventilation delivered through a helmet. Chest. (2005) 128:2984–90. doi: 10.1378/chest.128.4.2984

38. Doorduin J, Sinderby CA, Beck J, van der Hoeven JG, Heunks L. Automated patient-ventilator interaction analysis during neurally adjusted non-invasive ventilation and pressure support ventilation in chronic obstructive pulmonary disease. Crit Care. (2014) 18:550. doi: 10.1186/s13054-014-0550-9

39. Soilemezi E, Vasileiou M, Spyridonidou C, Tsagourias M, Matamis D. Understanding patient-ventilator asynchrony using diaphragmatic ultrasonography. Am J Respir Crit Care Med. (2019) 200:e27–8. doi: 10.1164/rccm.201901-0054IM

40. Vivier E, Haudebourg AF, Le Corvoisier P, Mekontso Dessap A, Carteaux G. Diagnostic accuracy of diaphragm ultrasound in detecting and characterizing patient-ventilator asynchronies during noninvasive ventilation. Anesthesiology. (2020) 132:1494–502. doi: 10.1097/ALN.0000000000003239

41. Garofalo E, Bruni A, Pelaia C, Landoni G, Zangrillo A, Antonelli M, et al. Comparisons of two diaphragm ultrasound-teaching programs: a multicenter randomized controlled educational study. Ultrasound J. (2019) 11:21. doi: 10.1186/s13089-019-0137-4

42. Wittenstein J, Huhle R, Leiderman M, Mobius M, Braune A, Tauer S, et al. Effect of patient-ventilator asynchrony on lung and diaphragmatic injury in experimental acute respiratory distress syndrome in a porcine model. Br J Anaesth. (2021) 130:e169–78. doi: 10.1016/j.bja.2021.10.037

43. Longhini F, Scarlino S, Gallina MR, Monzani A, De Franco S, Grassino E, et al. Comparison of neurally-adjusted ventilator assist in infants before and after extubation. Minerva Pediatr. (2018) 70:133–40.

44. Beck J, Campoccia F, Allo JC, Brander L, Brunet F, Slutsky AS, et al. Improved synchrony and respiratory unloading by neurally adjusted ventilatory assist (NAVA) in lung-injured rabbits. Pediatr Res. (2007) 61:289–94. doi: 10.1203/01.pdr.0000257324.22406.93

45. Essouri S, Durand P, Chevret L, Haas V, Perot C, Clement A, et al. Physiological effects of noninvasive positive ventilation during acute moderate hypercapnic respiratory insufficiency in children. Intensive Care Med. (2008) 34:2248–55. doi: 10.1007/s00134-008-1202-9

46. Longhini F, Scarlino S, Gallina MR, Monzani A, De Franco S, Grassino EC, et al. comparison of neurally adjusted ventilator assist in infants before and after extubation. Minerva Pediatr. (2015) 70:133–40.

47. Beck J, Emeriaud G, Liu Y, Sinderby C. Neurally-adjusted ventilatory assist (NAVA) in children: a systematic review. Minerva Anestesiol. (2016) 82:874–83. doi: 10.1007/978-3-319-21653-9_15

48. Holanda MA, Vasconcelos RDS, Ferreira JC, Pinheiro BV. Patient-ventilator asynchrony. J Bras Pneumol. (2018) 44:321–33. doi: 10.1590/s1806-37562017000000185

49. Chiumello D, Pelosi P, Croci M, Bigatello LM, Gattinoni L. The effects of pressurization rate on breathing pattern, work of breathing, gas exchange and patient comfort in pressure support ventilation. Eur Respir J. (2001) 18:107–14. doi: 10.1183/09031936.01.00083901

50. Gilstrap D, MacIntyre N. Patient-ventilator interactions. Implications for clinical management. Am J Respir Crit Care Med. (2013) 188:1058–68. doi: 10.1164/rccm.201212-2214CI

51. Vignaux L, Tassaux D, Carteaux G, Roeseler J, Piquilloud L, Brochard L, et al. Performance of noninvasive ventilation algorithms on ICU ventilators during pressure support: a clinical study. Intensive Care Med. (2010) 36:2053–9. doi: 10.1007/s00134-010-1994-2

52. Borel JC, Sabil A, Janssens JP, Couteau M, Boulon L, Levy P, et al. Intentional leaks in industrial masks have a significant impact on efficacy of bilevel noninvasive ventilation: a bench test study. Chest. (2009) 135:669–77. doi: 10.1378/chest.08-1340

53. Fraticelli AT, Lellouche F, L’Her E, Taille S, Mancebo J, Brochard L. Physiological effects of different interfaces during noninvasive ventilation for acute respiratory failure. Crit Care Med. (2009) 37:939–45. doi: 10.1097/CCM.0b013e31819b575f

54. Costa R, Navalesi P, Spinazzola G, Ferrone G, Pellegrini A, Cavaliere F, et al. Influence of ventilator settings on patient-ventilator synchrony during pressure support ventilation with different interfaces. Intensive Care Med. (2010) 36:1363–70. doi: 10.1007/s00134-010-1915-4

55. Navalesi P, Costa R, Ceriana P, Carlucci A, Prinianakis G, Antonelli M, et al. Non-invasive ventilation in chronic obstructive pulmonary disease patients: helmet versus facial mask. Intensive Care Med. (2007) 33:74–81. doi: 10.1007/s00134-006-0391-3

56. Olivieri C, Costa R, Spinazzola G, Ferrone G, Longhini F, Cammarota G, et al. Bench comparative evaluation of a new generation and standard helmet for delivering non-invasive ventilation. Intensive Care Med. (2013) 39:734–8. doi: 10.1007/s00134-012-2765-z

57. Vaschetto R, De Jong A, Conseil M, Galia F, Mahul M, Coisel Y, et al. Comparative evaluation of three interfaces for non-invasive ventilation: a randomized cross-over design physiologic study on healthy volunteers. Crit Care. (2014) 18:R2. doi: 10.1186/cc13175

58. Olivieri C, Longhini F, Cena T, Cammarota G, Vaschetto R, Messina A, et al. New versus conventional helmet for delivering noninvasive ventilation: a physiologic, crossover randomized study in critically Ill patients. Anesthesiology. (2016) 124:101–8. doi: 10.1097/ALN.0000000000000910

59. Moerer O, Harnisch LO, Herrmann P, Zippel C, Quintel M. Patient-ventilator interaction during noninvasive ventilation in simulated COPD. Respir Care. (2016) 61:15–22. doi: 10.4187/respcare.04141

60. Gay PC, Hess DR, Hill NS. Noninvasive proportional assist ventilation for acute respiratory insufficiency. Comparison with pressure support ventilation. Am J Respir Crit Care Med. (2001) 164:1606–11. doi: 10.1164/ajrccm.164.9.2011119

61. Fernandez-Vivas M, Caturla-Such J, Gonzalez de la Rosa J, Acosta-Escribano J, Alvarez-Sanchez B, Canovas-Robles J. Noninvasive pressure support versus proportional assist ventilation in acute respiratory failure. Intensive Care Med. (2003) 29:1126–33. doi: 10.1007/s00134-003-1768-1

62. Zhang J, Luo Q, Chen R. Patient-ventilator interaction with noninvasive proportional assist ventilation in subjects with COPD. Respir Care. (2020) 65:45–52. doi: 10.4187/respcare.06430

63. Younes M. Proportional assist ventilation, a new approach to ventilatory support. Theory. Am Rev Respir Dis. (1992) 145:114–20. doi: 10.1164/ajrccm/145.1.114

64. Jonkman AH, Rauseo M, Carteaux G, Telias I, Sklar MC, Heunks L, et al. Proportional modes of ventilation: technology to assist physiology. Intensive Care Med. (2020) 46:2301–13. doi: 10.1007/s00134-020-06206-z

65. Piquilloud L, Tassaux D, Bialais E, Lambermont B, Sottiaux T, Roeseler J, et al. Neurally adjusted ventilatory assist (NAVA) improves patient-ventilator interaction during non-invasive ventilation delivered by face mask. Intensive Care Med. (2012) 38:1624–31. doi: 10.1007/s00134-012-2626-9

66. Schmidt M, Dres M, Raux M, Deslandes-Boutmy E, Kindler F, Mayaux J, et al. Neurally adjusted ventilatory assist improves patient-ventilator interaction during postextubation prophylactic noninvasive ventilation. Crit Care Med. (2012) 40:1738–44. doi: 10.1097/CCM.0b013e3182451f77

67. Bertrand PM, Futier E, Coisel Y, Matecki S, Jaber S, Constantin JM. Neurally adjusted ventilatory assist vs pressure support ventilation for noninvasive ventilation during acute respiratory failure: a crossover physiologic study. Chest. (2013) 143:30–6. doi: 10.1378/chest.12-0424

68. Cammarota G, Longhini F, Perucca R, Ronco C, Colombo D, Messina A, et al. New setting of neurally adjusted ventilatory assist during noninvasive ventilation through a helmet. anesthesiology. (2016) 125:1181–9. doi: 10.1097/ALN.0000000000001354

69. Longhini F, Liu L, Pan C, Xie J, Cammarota G, Bruni A, et al. Neurally-adjusted ventilatory assist for noninvasive ventilation via a helmet in subjects with COPD exacerbation: a physiologic study. Respir Care. (2019) 64:582–9. doi: 10.4187/respcare.06502

70. Longhini F, Pan C, Xie J, Cammarota G, Bruni A, Garofalo E, et al. New setting of neurally adjusted ventilatory assist for noninvasive ventilation by facial mask: a physiologic study. Crit Care. (2017) 21:170. doi: 10.1186/s13054-017-1761-7

71. Marjanovic NS, De Simone A, Jegou G, L’Her E. A new global and comprehensive model for ICU ventilator performances evaluation. Ann Intensive Care. (2017) 7:68. doi: 10.1186/s13613-017-0285-2

72. Carteaux G, Lyazidi A, Cordoba-Izquierdo A, Vignaux L, Jolliet P, Thille AW, et al. Patient-ventilator asynchrony during noninvasive ventilation: a bench and clinical study. Chest. (2012) 142:367–76. doi: 10.1378/chest.11-2279

73. Lee J, Kim HS, Jung YH, Shin SH, Choi CW, Kim EK, et al. Non-invasive neurally adjusted ventilatory assist in preterm infants: a randomised phase II crossover trial. Arch Dis Child Fetal Neonatal Ed. (2015) 100:F507–13. doi: 10.1136/archdischild-2014-308057

74. Gibu CK, Cheng PY, Ward RJ, Castro B, Heldt GP. Feasibility and physiological effects of noninvasive neurally adjusted ventilatory assist in preterm infants. Pediatr Res. (2017) 82:650–7. doi: 10.1038/pr.2017.100

75. Goel D, Oei JL, Smyth J, Schindler T. Diaphragm-triggered non-invasive respiratory support in preterm infants. Cochrane Database Syst Rev. (2020) 3:CD012935. doi: 10.1002/14651858.CD012935.pub2

76. Shin SH, Kim SH, Song IG, Jung YH, Kim EK, Kim HS. Noninvasive neurally adjusted ventilation in postextubation stabilization of preterm infants: a randomized controlled study. J Pediatr. (2022) 247:53–59.e1. doi: 10.1016/j.jpeds.2022.04.025

77. Ducharme-Crevier L, Beck J, Essouri S, Jouvet P, Emeriaud G. Neurally adjusted ventilatory assist (NAVA) allows patient-ventilator synchrony during pediatric noninvasive ventilation: a crossover physiological study. Crit Care. (2015) 19:44. doi: 10.1186/s13054-015-0770-7

78. Chidini G, De Luca D, Conti G, Pelosi P, Nava S, Calderini E. Early noninvasive neurally adjusted ventilatory assist versus noninvasive flow-triggered pressure support ventilation in pediatric acute respiratory failure: a physiologic randomized controlled trial. Pediatr Crit Care Med. (2016) 17:e487–95. doi: 10.1097/PCC.0000000000000947

79. Carlucci A, Pisani L, Ceriana P, Malovini A, Nava S. Patient-ventilator asynchronies: may the respiratory mechanics play a role? Crit Care. (2013) 17:R54. doi: 10.1186/cc12580

80. Wu M, Yuan X, Liu L, Yang Y. Neurally adjusted ventilatory assist vs. conventional mechanical ventilation in adults and children with acute respiratory failure: a systematic review and meta-analysis. Front Med. (2022) 9:814245. doi: 10.3389/fmed.2022.814245

81. Hansen KK, Jensen HI, Andersen TS, Christiansen CF. Intubation rate, duration of noninvasive ventilation and mortality after noninvasive neurally adjusted ventilatory assist (NIV-NAVA). Acta Anaesthesiol Scand. (2020) 64:309–18. doi: 10.1111/aas.13499

82. Tajamul S, Hadda V, Madan K, Tiwari P, Mittal S, Khan MA, et al. Neurally-adjusted ventilatory assist versus noninvasive pressure support ventilation in COPD exacerbation: the NAVA-NICE Trial. Respir Care. (2020) 65:53–61. doi: 10.4187/respcare.07122

83. Prasad KT, Gandra RR, Dhooria S, Muthu V, Aggarwal AN, Agarwal R, et al. Comparing noninvasive ventilation delivered using neurally-adjusted ventilatory assist or pressure support in acute respiratory failure. Respir Care. (2021) 66:213–20. doi: 10.4187/respcare.07952

84. Bruni A, Garofalo E, Procopio D, Corrado S, Caroleo A, Biamonte E, et al. Current practice of high flow through nasal cannula in exacerbated COPD patients. Healthcare. (2022) 10:536. doi: 10.3390/healthcare10030536

85. Cortegiani A, Longhini F, Madotto F, Groff P, Scala R, Crimi C, et al. High flow nasal therapy versus noninvasive ventilation as initial ventilatory strategy in COPD exacerbation: a multicenter non-inferiority randomized trial. Crit Care. (2020) 24:692. doi: 10.1186/s13054-020-03409-0



OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Monitoring the patient–ventilator asynchrony during non-invasive ventilation



		Introduction



		Materials and methods



		Search strategy for studies selection



		Definitions









		Detection of asynchronies



		Neonatal and pediatric patients



		Adult patients









		Management of asynchronies



		Neonatal and pediatric patients



		Adult patients









		Impact of asynchronies on the patients’ outcomes



		Neonatal and pediatric patients



		Adult patients









		Conclusion



		Data availability statement



		Author contributions



		Conflict of interest



		Publisher’s note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Medicine

Monitoring the patient—ventilator
asynchrony during non-invasive
ventilation








OPS/images/fmed-09-1119924-g001.jpg
$8S Citations screened by title and
abstract

$22 Citanons excluded (not relevant)

63 Full-text articles assessed for
chigability

45 Full-text articles included in the
review







OPS/images/fmed-09-1119924-g002.jpg
Flow (l/s) Paw (cmH;0)

EAdi (1V)

304

20+

Ineffective
Effort

Auto Double Premature Delayed
Triggering Triggering Cycling Cycling
20+ 25 254 254
15- 20 20 20-
15 15+ 154
10+
10 10+ 104
5 5- 5- 5+
0- l 0- l 0- l l 0- l l
1.50- 1.50 l . %
0.75 0.75 4 0.75- 1
0.00- 0.00 - R 0
-0.75 4
-0.75+ -0.75 A+
1.50
1.50- -1.50 - =
4+ 304 401 20
34 304 154
20
2- 20- 10-
10+
14 104 5+
0- 0- 0- 0-









OPS/images/logo.jpg
¥ frontiers | Frontiers in Medicine







OPS/images/email.jpg





