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Automatic Adjustment of the Inspiratory Trigger and Cycling-Off Criteria Improved Patient-Ventilator Asynchrony During Pressure Support Ventilation
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Background: Patient-ventilator asynchrony is common during pressure support ventilation (PSV) because of the constant cycling-off criteria and variation of respiratory system mechanical properties in individual patients. Automatic adjustment of inspiratory triggers and cycling-off criteria based on waveforms might be a useful tool to improve patient-ventilator asynchrony during PSV.

Method: Twenty-four patients were enrolled and were ventilated using PSV with different cycling-off criteria of 10% (PS10), 30% (PS30), 50% (PS50), and automatic adjustment PSV (PSAUTO). Patient-ventilator interactions were measured.

Results: The total asynchrony index (AI) and NeuroSync index were consistently lower in PSAUTO when compared with PS10, PS30, and PS50, (P < 0.05). The benefit of PSAUTO in reducing the total AI was mainly because of the reduction of the micro-AI but not the macro-AI. PSAUTO significantly improved the relative cycling-off error when compared with prefixed controlled PSV (P < 0.05). PSAUTO significantly reduced the trigger error and inspiratory effort for the trigger when compared with a prefixed trigger. However, total inspiratory effort, breathing patterns, and respiratory drive were not different among modes.

Conclusions: When compared with fixed cycling-off criteria, an automatic adjustment system improved patient-ventilator asynchrony without changes in breathing patterns during PSV. The automatic adjustment system could be a useful tool to titrate more personalized mechanical ventilation.
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INTRODUCTION

Pressure support ventilation (PSV) is the most widely used partial mode of assistance to minimize the effort of patients in breathing. During PSV, the assist is delivered by means of a pneumatic signal generated by patient effort and measured in the ventilatory circuit, i.e., flow or pressure (1). The ventilator usually cycles from inspiration to expiration when the inspiratory flow falls to a predetermined fraction of the peak inspiratory flow, which is the cycling-off criterion (2). Ideally, the ventilator trigger and cycling should coincide with the beginning and the end of the inspiratory effort of the patients (3). However, patient-ventilator asynchrony is common during PSV (4, 5), thereby contributing to the increased patient effort, increased duration of mechanical ventilation, and even increased mortality (6).

During PSV, prefixed pneumatic controllers can become progressively less effective, especially when patients have abnormal respiratory mechanics or ventilator over-assist (7). Delayed or missed triggers are sensed as an uncomfortable isometric load leading to increased effort intensity and pronounced dyspnea (8). Moreover, with prefixed cycling-off criteria, such as the default value of 30% peak flow in some ventilators, premature cycling is more frequent in patients with restrictive breathing patterns characterized by low respiratory system compliance and may result in double triggering. Delayed cycling occurs more frequently in patients with an obstructive pattern characterized by high resistance (6, 9). Different approaches for optimal ventilator triggering and cycling have been developed to minimize these problems, such as flow-triggering sensitivity and adjustable flow cycling during PSV.

It has been demonstrated that a noninvasive method based on flow and airway-pressure tracings was effective for detecting asynchrony (10–12). Therefore, an automatic adjustment system (IntelliCycleTM2.0) capable of automatically adjusting, breath by breath, the triggering and cycling-off criteria based on pressure-time and flow-time waveforms during PSV have been developed (see Supplementary Material).

The objective of our study was to show a reduction in patient-ventilator asynchrony with the use of an automatic adjustment system as compared with prefixed trigger and cycling-off criteria in patients with PSV.



METHODS

This unblinded crossover study was conducted in a 60-bed general intensive care unit of a teaching hospital affiliated with Southeast University in China. The protocol was approved by the Institutional Ethics Committee of Zhongda Hospital (number 2016ZDSYLL067-P01). Written informed consent was obtained from the legal primary decision-maker, which was the spouse of the patient or the parent or child if no spouse. The trial was registered at clinicaltrials.gov (NCT04091269).


Patients

Postoperative (abdominal surgery or orthopedic surgery) or acute respiratory failure patients were eligible when meeting all the following criteria: receiving invasive mechanical ventilation and being able to sustain PSV more than 1 h with inspiratory support ≤ 15 cm H2O. Patients were excluded if (1) age <18 or >85 years; (2) tracheostomy at time of the study; (3) sedation level on the Richmond Agitation–Sedation Scale ≤ −2 or ≥ 2; (4) contraindication for nasogastric tube insertion, e.g., history of esophageal varices, gastroesophageal surgery in the previous 12 months, or gastroesophageal bleeding in the previous 7 days, international standard ratio > 1.5, activated partial thromboplastin time > 44 s, history of leukemia (13); and (5) hemodynamic instability (heart rate > 140 beats/min, vasopressors required with ≥ 5 μg/kg/min dopamine/dobutamine, or ≥ 0.2 μg/kg/min norepinephrine).



Study Protocol

After obtaining consent, enrolled patients were switched to a Servo-i ventilator (Maquet, Solna, Stockholm, Sweden). A 16-F nasogastric feeding tube (NeuroVent Research Inc., Toronto, ON, Canada) with electrodes measuring the electrical activity of the diaphragm (EAdi) and balloons measuring esophageal (Pes) pressures was inserted through the nose and secured after confirming positioning according to the recommendations of the manufacturer. Static respiratory system compliance (CRS), resistance (RRS), and intrinsic positive end-expiratory pressure (PEEPi) were measured during volume control ventilation (without spontaneous drive) (see Supplementary Material).

Then sedation was decreased to maintain light sedation with the Richmond Agitation–Sedation Scale ranging from 0 to −2. As spontaneous breathing and EAdi recovered, patients were switched to an SV800 ventilator with IntelliCycleTM2.0 which can automatically adjust triggering and cycling-off criteria breath-by-breath, (Mindray, Shenzhen, China) and were ventilated by PSV with the pressure support level adjusted to a target tidal volume (VT) of 6 ml/kg (of predict body weight, PBW). During the entire recording period, PEEPe and a fraction of inspired oxygen (FiO2) were maintained as set by the clinician in charge of the patient.

During prefixed pneumatically controlled PSV, the inspiratory trigger was set at 1.5 L/min for flow triggering, and the rate of rise in pressure was set to 0.05 s in all patients. The cycling-off criteria were set to 10% (PS10), 30% (PS30), and 50% (PS50). During automatic adjustment PSV, the inspiratory trigger was set as flow-trigger 1.5 L/min, the rate of rise in pressure was set to 0.05 s, and the cycling-off criterion was set to “AUTO” (PSAUTO). Both the trigger and cycling-off criteria were adjusted by the automatic adjustment system according to an established algorithm based on the pressure-time and flow-time waveforms (Supplementary Figures 1, 2). First, patients were ventilated with four independent modes (PS10, PS30, PS50, and PSAUTO) applied in randomized order (Supplementary Table 1). Each independent condition was maintained for 20 min without washout periods (Supplementary Figure 3).



Data Acquisition and Analysis

Flow, airway pressure (Paw), esophageal pressure (Pes), and EAdi were acquired during the 20-min time window in each condition at 100 Hz from the ventilator via an RS 232 interface connected to a computer. Data were stored for later offline analysis (NeuroVent Research Inc., Toronto, ON, Canada). To quantify patient-ventilator interaction, all variables were calculated manually breath by breath from a stable 3-min period in each condition using customized software (NeuroVent Research Inc., Toronto, ON, Canada) by two independent researchers who were blinded to the patient number and assigned order of crossover treatments, and mean values were calculated. In the event of a mismatch, a third researcher was consulted.

Six types of asynchrony were analyzed as previously described by Thille et al. and Lamouret et al. (6, 14). Macro asynchronies include ineffective triggering, which is defined by the existence of a diaphragmatic signal without a respiratory cycle; auto-triggering is defined by the existence of a ventilator cycle without a diaphragmatic signal; and double triggering is defined by the presence of two successive inspiratory cycles without an intermediate expiration or with an interrupted expiration. Micro-asynchronies are defined by a time difference exceeding 200 ms between the onset of the EAdi and the early initial rise in Paw; between the 70% of peak EAdi and early decrease in airway pressure (the opening of the expiratory valve)-late cycling; and between the decrease in airway pressure and 70% of peak EAdi-premature cycling. For each subtype of asynchrony, a percentage of asynchronies was calculated as follows: the number of asynchrony events divided by the total neural respiratory rate (which corresponds to the total EAdi signals) × 100%. Macro-asynchrony index (AI), micro-AI, and total AI were calculated as the number of macro asynchrony events, micro-asynchrony, or total asynchrony events divided by the neural respiratory rate × 100%.

Triggering and cycling-off errors, which were classified as either too late (positive values) or too early (negative values) (13), breathing pattern, inspiratory effort, and inspiratory effort for triggering were measured (see Supplementary Material). To estimate the overall extent of asynchrony and dys-synchrony, the NeuroSync index was calculated by averaging the percentage errors in triggering and cycling-off for all breaths (13). The primary endpoint was the difference in the total AI between PSAUTO and PSV with prefixed triggering and cycling-off criteria (PS10, PS30, and PS50).



Statistical Analysis

All statistical analyses were carried out using SPSS 20 (Chicago, IL, USA). The values are stated as mean ± SD unless specified otherwise. Data from two post-hoc subgroups, a restrictive subgroup defined as having CRS < 40 ml/cm H2O with RRS < 12 cm H2O/LS, and an obstructive subgroup, defined as having RRS > 12 cm H2O/LS with CRS > 40 ml/cm H2O, were analyzed. The normal distribution of continuous variables was assessed by using the Shapiro–Wilk test. Log-transformation was used for skewed data. Variables were compared between modes using repeated-measures ANOVA followed by Bonferroni's post-hoc test. Categorical data were compared by the chi-square test followed by Bonferroni's post-hoc test. P-values <0.05 were considered significant.




RESULTS

The study included 24 patients, such as eight patients in the restrictive subgroup, eight patients in the obstructive subgroup, and eight other patients without obvious acute respiratory failure (CRS > 40 ml/cm H2O with RRS < 12 cm H2O/LS). Patient characteristics and lung mechanism are summarized in Table 1.


Table 1. Patient characteristics.
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AI

Total AI was consistently lower in PSAUTO when compared with PS10, PS30, and PS50, (P < 0.05). The benefit of PSAUTO in reducing total AI was mainly in the reduction of micro-AI but not macro-AI (Figure 1). The percentages of all kinds of asynchronies are reported in Table 2. Total AI and micro-AI were lower in PSAUTO when compared with PS10 and PS30 in the obstructive subgroup and were lower in PSAUTO when compared with PS50 in the restrictive subgroup (Supplementary Table 2).


[image: Figure 1]
FIGURE 1. Total AI (A), macro-AI (B), and micro-AI (C) in different modes. AI, asynchrony index; PS10, pressure support ventilation with cycling-off criteria set to 10%; PS30, pressure support ventilation with cycling-off criteria set to 30%; PS50, pressure support ventilation with cycling-off criteria set to 50%; PSAUTO, pressure support ventilation with automatic. Gray lines showed median (interquartile range). Compared with PS10, aP < 0.05; Compared with PS30, bP < 0.05; compared with PS50, cP < 0.05.



Table 2. Asynchronies, NeuroSync index, inspiratory effort, and relative timing errors of cycling-off and trigger in different modes.
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NeuroSync Index

The NeuroSync index (average of the percentage errors of triggering and cycling-off) was consistently lower in PSAUTO when compared with PS10, PS30, and PS50, indicating improved patient-ventilator interaction (Table 2). Figure 2 shows a plot of the percentage errors of triggering (X-axis) and cycling-off (Y-axis) for every breath. We have inserted a small centered box suggesting “perfect” asynchrony to be ≤10% of neural timing and a larger box suggesting “acceptable” asynchrony to be ≤33% of neural timing (15). There were more “Perfect” asynchrony breaths and “Acceptable” asynchrony breaths in PSAUTO than in the fixed cycling-off criteria mode (PS10, PS30, and PS50, all P < 0.05; Figure 2).


[image: Figure 2]
FIGURE 2. Breath density graph for relative trigger (X-axis) and cycling-off (Y-axis) errors, for all breaths in all patients, during each ventilator mode. PS10, pressure support ventilation with cycling-off criteria set to 10%; PS30, pressure support ventilation with cycling-off criteria set to 30%; PS50, pressure support ventilation with cycling-off criteria set to 50%; PSAUTO, pressure support ventilation with automatic adjustment system; asynchrony error, breathes inside the box of percentage error of neural timings.




Cycling-Off and Triggering Error

Automatic adjustment PSV significantly improved the relative cycling-off error when compared with PS10, PS30, and PS50 in the whole population (Figure 3). The relative cycling-off error in PSAUTO was comparable with that in PS50 in the obstructive subgroup and was comparable with that in PS10 in the restrictive subgroup. PSAUTO significantly shortened the absolute and relative triggering errors when compared with a prefixed trigger (PS10, PS30, or PS50; Figure 3). The Absolute and relative triggering errors were significantly lower when compared with PS10, PS30, and PS50 in the obstructive subgroup but not in the restrictive subgroup (Supplementary Figure 4).


[image: Figure 3]
FIGURE 3. Cycling-off error and trigger error in different modes. (A) cycling-off error, (B) relative cycling-off error, (C) trigger error, and (D) relative trigger error, Y-axis for cycling-off error: positive values indicate late cycling-off, and negative values indicate early cycling off. Magenta line showed median (interquartile range). ms, millisecond; PS10, pressure support ventilation with cycling-off criteria set to 10%; PS30, pressure support ventilation with cycling-off criteria set to 30%; PS50, pressure support ventilation with cycling-off criteria set to 50%; PSAUTO, pressure support ventilation with automatic. Compared with PS10, aP < 0.05; Compared with PS30, bP < 0.05; Compared with PS50, cP < 0.05.




Respiratory Drive and Breathing Pattern

Inspiratory effort for triggering determined by PTPes−trig was significantly lower in PSAUTO when compared in PS10 and PS30; however, total inspiratory effort determined by PTPes was not different among modes (Table 3). In the obstructive subgroup, PTPes−trig was significantly lower in PSAUTO than in PS10, PS30, and PS50 (P < 0.05; Supplementary Table 2). Peak airway pressure was higher in PS10 than in other modes. There was no difference in the respiratory drive between modes (Table 3). Breathing patterns and respiratory drive in obstructive and restrictive subgroups are shown in Supplementary Table 3.


Table 3. Breathing pattern and respiratory drive in different modes.
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DISCUSSION

This study showed that when compared with PSV with prefixed pneumatic controllers, an automatic adjustment system decreased total AI and improved patient-ventilator interaction mainly through a decrease of micro-asynchronies. The automatic system was associated with the lower cycling-off error, triggering error, and triggering effort in PSV patients.


AI and NeuroSync Index

Both AI and the NeuroSync index are indicators that reflect the overall patient-ventilator interaction from different perspectives. PSAUTO constantly reduced total AI and the NeuroSync index when compared with PSV with prefixed pneumatic controllers, indicating improved patient-ventilator interaction. Given that macro-asynchronies were rare, the benefit of PSAUTO in reducing the total AI was mainly due to the reduction of micro-asynchronies. These findings agree with previous work comparing PSV and neurally adjusted ventilatory assist, which showed the difference in AI is found only in micro-asynchronies (14).

The present study showed a higher total AI (median of 23–57% during PS10, PS30, PS50, and PSAUTO) when compared with those in previous studies (range from 0 to 27%) (6, 16, 17). Despite the differences among study patients and ventilators used, the major reason for the apparent differences between studies might relate to the calculation method for the AI. First, inspiratory trigger delay was included in the calculation of the AI in the present study, which provided about one-third to one-half of the total AI during PSV with prefixed pneumatic controllers. However, the previous study did not calculate inspiratory trigger delay in the AI (6). Second, we defined asynchrony as an error of 200 ms between the origin of the EAdi and ventilator insufflation, which was more sensitive than the threshold used in previous studies (6, 16–18). Therefore, the AI in the present study is more sensitive and comprehensive and therefore not comparable to those in other studies.



Cycling-Off Error

Cycling-off asynchrony is dependent on factors, such as the inspiratory effort, neural inspiratory time, assist levels, the time constant of the respiratory system, and cycling-off criteria of the patients (3). Consequently, the optimum flow cycling-off criteria vary among patients and can range from very low levels (5%) in patients with a restrictive condition (such as acute respiratory distress syndrome) (4, 19) to more than 50% in patients with an obstructive condition (such as chronic obstructive pulmonary disease) (5, 20, 21). A previous study showed in a mixed sample of patients that the use of a variable, real-time-adjusted termination criterion improved some indices of patient-ventilator asynchrony when compared with a fixed termination criterion (5% of peak inspiratory flow) (22). However, a termination criterion of 5% of peak inspiratory flow was not commonly used clinically during PSV. Our results showed a significant improvement in relative cycling-off error during PSAUTO when compared with PSV with prefixed cycling-off criteria of 10%, 30%, and 50%. It was not unexpected that during PSV with prefixed pneumatic controllers, PS50 and PS10 were the “best” cycling-off settings with the lowest relative cycling-off errors in the obstructive and restrictive subgroups. In each subgroup, relative cycling-off error in PSAUTO was comparable with the “best” cycling-off setting during PSV with a prefixed cycling-off.



Triggering Error

The present study showed the median delay for triggering during PS10, PS30,PS50, and PSAUTO ranged from 187 to 130 ms. These values fall within the 80–540 ms range of values previously reported for PSV (1, 18, 23). Beloncle et al. reported absolute values for trigger delay <200 ms in almost all patients, which was lower than that reported in the present study (18). The different ventilators and flow-trigger used in different studies might be one reason, and different types of the enrolled patients might be another reason for the difference in trigger delay. During PSAUTO, the algorithm will trigger the ventilator to initiate the inspiratory phase when it detects a sudden increase of flow waveform, which reflects the inspiratory effort, leading to a reduced triggering delay. Furthermore, triggering delay was likely reduced as a consequence of reduced cycling-off delay during PSAUTO, which led to a longer expiration time and lower PEEPi, especially in patients with obstructive conditions (5). Unfortunately, we did not measure PEEPi during each mode.

Of note, a single flow-trigger level in the present study made it hard to draw conclusions regarding the effect of the PSAUTO mode on inspiratory triggering asynchronies when compared with lower flow-triggering (e.g., 1.0 L/min). From this perspective, a fixed flow-trigger of 1.5 L/min might be not sensitive enough. Considering the similar or shorter triggering delay and no obvious auto-triggering during PSAUTO, automatic adjustment of triggering based on waveforms might be a useful tool for making the triggering setting easier.



Inspiratory Effort and Breathing Pattern

Because PSAUTO significantly reduced triggering delay, it was not unexpected that it was associated with lower inspiratory effort for triggering. The present study showed a comparable breathing pattern and respiratory drive between PSAUTO and PSV with prefixed pneumatic controllers. Of interest, neural expiratory time remained unchanged at the various cycling-off settings in the present study. These findings agree with previous work in which expiratory time did not change with the increase in cycling-off criteria in chronic obstructive pulmonary disease patients (5, 20). However, the findings contradict those in previous studies which show an increased expiratory time in the presence of delayed cycling in acute lung injury (24, 25). Therefore, PSAUTO improved the cycling-off criteria, which was demonstrated to affect the inspiratory time only at high-pressure support (20). Peak EAdi around 12 μV confirmed the absence of over-assistance during PSV in the present study.



Limitations

There are some limitations that should be noted. First, our study was conducted in a small group of patients. Second, respiratory mechanics were evaluated in patients under sedation who were not actively breathing, therefore, the results will be different from those measured during PSV. Third, patients were maintained at each mode setting for only 20 min, and steady-state conditions might not have been achieved. However, the duration was in line with that of several studies on the effects of cycling criteria modifications (4, 19).




CONCLUSIONS

An automatic adjustment system based on waveform was associated with less patient-ventilator asynchrony when compared with PSV with prefixed pneumatic controllers. Our results indicated that this system might be a useful tool to titrate more personalized mechanical ventilation, especially in patients with a high risk of patient-ventilator asynchrony.
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Double triggering, %
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—17.1 (-88.2, ~13.1)

Data are provided as mean + SD or median (interquartie range).
NeuroSync index is an overall indicator of patient-ventilator interaction, where 0% error, perfect; 100% error, zero patient-ventiator interaction; PTPes.riq, Pre-trigger Pes-time product;
PTPss, Pes-time prodct; PSto, pressure support ventiltion with cycling-off criteria set to 10%; PSso, pressure support ventiation with cycling-off criteria set to 30%; PSso, pressure
support ventiation with cycling-off criteria set to 50%; PSauro, pressure support ventiation with automatic adjustment system; Ci, Confidence interval, “perfect” synchrony, reletive

timing errors of triggering and for cycling-off <10% of neural timings, “acceptable” synchrony, relative timing errors of triggering and for cycling-off <10% of neural timings.
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Compared with PS1g, 2P < 0.05; Compared with PSag, °P < 0.05; Compared with PSsp, P < 0.05.
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00(0.0,00)
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Ppeak, cmH,0O 165+ 4.2 164 + 4.2¢ 154 £ 4.92 14.6 + 4.12 <0.001
PEEP, cmH,0 62£17 61£16 63£15 66+ 15 0.120
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TiN/TtN, % 370+ 1.4 334+ 16 36717 365+ 15 0.042
Peak EAdi, pV/ 129+1.7 120+ 1.5 128+19 12419 0.611
Peak EAdi, pV' 81465 93+6.1 80+24 68420 0.864

Data are provided as mean = SD.

PS10, pressure support ventiation with cycling-off criteria set to 10%; PSso, pressure support ventiation with cycling-off criteria set to 30%; PSso, pressure support ventilation with
eycling-off criteria set to 50%; PSuro, pressure support ventilation with automatic adjustment system; Ppeak, peak airway pressure; PEER, positive end expiratory pressure; VA, tidel
volume; RR, respiratory rate; Tiy, neural inspiratory time; Tey, neural expiratory time; Peak EAGi, peak diaphragm electrical activity.

Compared with PS1o, 2P < 0.05; Compared with PSzo.
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Parameter Al Obstructive subgroup Restrictive subgroup Other patients

(=24 =8 (h=8) =8

Sex, male/female 19/5 53 7 n
Age, year 68417 75+9 65417 6823
APACHE I 174£563 17.9+40 187 £60 148+65
Main diagnosis

Pneumonia, n (%) 4(16.7%) - 4(50%)

Extrapulmonary sepsis, 1 (%) 2(83%) - 2 (25%)

AECOPD, n (%) 8(33.3%) 8(100.0%) -
Abdominal surgery 4(16.7%) - - 4(50.0%)
Orthopedic surgery, n (%) 4(16.7%) - - 4(50.0%)

Severe trauma, n (%) 2(8.3%) 2 (25%)
RASS 0(-1,0) 0(-1,0 ~1(-2,0) 0(-1,0
PBW, Kg 63+8 63%7 5949 6547
Pa0z, mm Hg 107 36 96+ 30 95416 135 4 42
Pa0y,Fi0, 276 £ 90 362478 239476 207 £ 41
PaCO,, mm Hg 39+ 11 48 + 14 36+6 32+4
pH 7.41+0.06 739+£0.05 7.43+003 7.41£006
Crs, miiom H0 45897 509:+58 34.1 5.1 52535
Res, om H,0/US 12149 17.9+4.4 92x21 94£17
PEEPi, cm H,0 1.7£20 36:+£24 09+02 07£07

Data are provided as mean + SD or median (interquartile range).
APACHE I, Acute Physiology and Chronic Health Evaluation Ii; RASS, Richmond Agitation-Sedation Scale; PBW, predictive body weight; Cgs, static compliance of the respiratory
system; Rgs, resistance of respiratory system; PEEPI, static intrinsic positive end expiratory pressure.
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