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Background: Variable pressure support ventilation (vPSV) is an assisted ventilation mode that varies the level of pressure support on a breath-by-breath basis to restore the physiological variability of breathing activity. We aimed to compare the effects of vPSV at different levels of variability and pressure support (ΔPS) in patients with acute respiratory distress syndrome (ARDS).

Methods: This study was a crossover randomized clinical trial. We included patients with mild to moderate ARDS already ventilated in conventional pressure support ventilation (PSV). The study consisted of two blocks of interventions, and variability during vPSV was set as the coefficient of variation of the ΔPS level. In the first block, the effects of three levels of variability were tested at constant ΔPS: 0% (PSV0%, conventional PSV), 15% (vPSV15%), and 30% (vPSV30%). In the second block, two levels of variability (0% and variability set to achieve ±5 cmH2O variability) were tested at two ΔPS levels (baseline ΔPS and ΔPS reduced by 5 cmH2O from baseline). The following four ventilation strategies were tested in the second block: PSV with baseline ΔPS and 0% variability (PSVBL) or ±5 cmH2O variability (vPSVBL), PSV with ΔPS reduced by 5 cmH2O and 0% variability (PSV−5) or ±5 cmH2O variability (vPSV−5). Outcomes included gas exchange, respiratory mechanics, and patient-ventilator asynchronies.

Results: The study enrolled 20 patients. In the first block of interventions, oxygenation and respiratory mechanics parameters did not differ between vPSV15% and vPSV30% compared with PSV0%. The variability of tidal volume (VT) was higher with vPSV15% and vPSV30% compared with PSV0%. The incidence of asynchronies and the variability of transpulmonary pressure (PL) were higher with vPSV30% compared with PSV0%. In the second block of interventions, different levels of pressure support with and without variability did not change oxygenation. The variability of VT and PL was higher with vPSV−5 compared with PSV−5, but not with vPSVBL compared with PSVBL.

Conclusion: In patients with mild-moderate ARDS, the addition of variability did not improve oxygenation at different pressure support levels. Moreover, high variability levels were associated with worse patient-ventilator synchrony.

Clinical Trial Registration: www.clinicaltrials.gov, identifier: NCT01683669.
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INTRODUCTION

Pressure support ventilation (PSV) is an assisted ventilation mode commonly used in critically ill patients (Esteban et al., 2013). The maintenance of spontaneous respiratory activity in acute respiratory distress syndrome (ARDS) patients improves respiratory function and decreases the need for vasopressor and sedative drugs (Putensen et al., 2001). Assisted ventilation modes have been commonly used in the management of patients with ARDS, in particular those with mild to moderate hypoxemic respiratory failure (Bellani et al., 2016).

In the last years, researchers have proposed to vary the level of pressure support on a breath-by-breath basis to restore the physiological variability of breathing activity (Tobin et al., 1988). Variable pressure support ventilation (vPSV), compared with conventional PSV, improved oxygenation in the experimental models of ARDS (Gama de Abreu et al., 2008) and ventilator-patient synchrony in a small pilot study in critically ill patients with acute respiratory failure (Spieth et al., 2013). These effects could be mediated by an amelioration of the ventilation-perfusion matching (Huhle et al., 2016), as well as a recruitment effect due to the repetitive delivery of breaths with a higher tidal volume, which might also result in a reduction of lung inhomogeneity (Mauri et al., 2017). However, so far, the only clinical study published has used only one variability level at fixed pressure support (ΔPS) (Spieth et al., 2013). Therefore, the effects of different levels of variability and the impact of variability at different ΔPS levels remain unknown. Different levels of variability might modify differently the ventilation perfusion-matching and might affect differently gas exchange and respiratory mechanics.

The aim of this study was to evaluate the effects of vPSV, at different levels of variability and pressure support, on short-term lung function parameters in patients with mild to moderate ARDS. We tested the hypothesis that vPSV would improve gas exchange, respiratory mechanics, and patient-ventilator asynchrony. We also hypothesized that the degree of variability and the level of ΔPS would influence the effects of vPSV.



METHODS


Study Design

This was a prospective, crossover, randomized clinical trial conducted in a single university hospital intensive care unit (ICU).



Inclusion and Exclusion Criteria

Patients aged >18 years with mild to moderate ARDS (PaO2/FIO2 ratio between 100 and 300 mmHg with a positive end-expiratory pressure, PEEP ≥5 cmH2O) already receiving PSV per clinical indication were screened for inclusion. Exclusion criteria were pregnancy, chronic obstructive pulmonary disease, presence of pneumothorax or chest tubes, and unavailability of research staff.



Interventions

According to the local clinical practice, conventional PSV was delivered by an Evita Infinity V500 ventilator (Dräger Medical AG, Lübeck, Germany) targeting a VT of 6–8 ml/kg of predicted body weight, respiratory rate ≤ 25 min−1 with PEEP and FIO2 titrated to achieve a peripheral oxygen saturation ≥92%. This ventilator can operate in vPSV mode setting the variability of the ΔPS and delivers breaths with an approximately Gaussian distribution, truncated at 3 SDs from the mean ΔPS. The parameter “variability” of this ventilator refers to the range of ΔPS, e.g., 90% “variability” results in a 30% coefficient of variation (CV). As illustrated in Figure 1, all patients underwent two blocks of interventions, receiving 45-min periods of ventilation with different settings. In the first block, the effects of three levels of variability were tested at constant ΔPS to explore the effect of variability added to a fixed ΔPS level, while in the second block, a variability of ±5 cmH2O was added to ΔPS set at either the baseline level or the baseline level minus 5 cmH2O, to investigate the effects of variability at two ΔPS levels. During the first block, the ΔPS was set at a fixed value corresponding to the level chosen by the treating clinician before enrolment, and three different CV% levels were used: 0% (PSV0%), 15% (vPSV15%), and 30% (vPSV30%). During the second block, four ventilation settings were used: PSV with baseline ΔPS (PSVBL), baseline ΔPS with variability set individually to ±5 cmH2O (vPSVBL), ΔPS reduced by 5 cmH2O compared with the baseline with either no variability (PSV−5) or variability set to ±5 cmH2O (vPSV−5). The two blocks were performed sequentially, within 1 h from each other to allow for nursing assistance if required, and ventilation modes within each intervention block were assigned in random order with a Latin square design (as shown in Figure 1; Supplementary Figures 1, 2). The randomization sequence was generated with an online service, and a sealed envelope was opened at the moment of patient enrolment. Participants were blinded to the treatment assignment as were the operators involved in respiratory mechanics analysis.


[image: Figure 1]
FIGURE 1. Time course of interventions. Within each intervention block, different ventilation settings were delivered in random order. PSV0%, conventional PSV ventilation with no variability; vPSV15%, variable PSV with variability set to 15% CV; vPSV30%, variable PSV with variability set to 30% CV; PSVBL, PSV with no variability and baseline ΔPS as per clinical indication; vPSVBL, variable pressure support with variability set to achieve ±5 cmH2O and baseline ΔPS as per clinical indication; PSV−5, PSV with no variability and ΔPS reduced by 5 cmH2O from the baseline value; vPSV−5, variable PSV with variability set to achieve ±5 cmH2O and ΔPS reduced by 5 cmH2O from the baseline value; PSV, pressure support ventilation; CV, coefficient of variation.


Patient management procedures not related to mechanical ventilation, including sedation and fluid administration, were at the discretion of the treating clinician. When clinically feasible, we avoided changing FIO2, PEEP, and ΔPS during the study, and in case of desaturation below 92%, FIO2 increase was prioritized over PEEP increase. After completion of the study protocol, ventilation was continued at the discretion of the treating physician.



Measurements

An esophageal balloon catheter (Compliance catheter, Microtek Medical B.V., Zutphen, The Netherlands) was inserted through the nose or mouth, filled with 1.5 ml, and correct positioning was verified with an occlusion maneuver (Akoumianaki et al., 2014). The flow was measured with a heated Fleisch-type pneumotachograph connected to a multi-channel transducer (ICU Lab, KleisTEK Engineering, Bari, Italy), while the tidal volume was measured as the integral of flow over time. Respiratory traces were recorded continuously throughout the study. An arterial blood gas analysis, heart rate, and invasive mean arterial pressure were recorded at baseline and the end of each ventilation step.

Pressure-time and flow-time curves were analyzed offline with a dedicated script written in MATLAB (MathWorks, MA, USA). The following parameters were computed breath by breath: VT, PEEP, ΔPS, mean airway pressure, inspiratory time to total time ratio (Tinsp/Ttot), respiratory rate (RR), esophageal pressure swings (ΔPes), and peak transpulmonary pressure (PL). The respiratory muscle activity was quantified with the esophageal pressure-time product per min (PTPes), calculated as follows (Mauri et al., 2016):
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where Pmus is the pressure generated by the respiratory muscles, and Pcw,recoil is the chest wall recoil pressure, calculated assuming a fixed elastance of 5 cmH2O/L. The asynchrony index was computed as the number of asynchronous events divided by the total number of ventilator cycles plus ineffective efforts during expiration multiplied by 100 (Blanch et al., 2015). Asynchronies were classified independently by two experienced operators (LB and MV), and discrepancies were resolved by consensus. The analysis of respiratory mechanics data was performed by three operators blinded to the ventilation settings (ADO, MF, and LM). Also, we measured the evolution of respiratory mechanics at min 1, 9, 18, 27, 36, and 45 from the start of each ventilation step. To allow sufficient time for patient adaptation, main analyses of respiratory mechanics and asynchronies were restricted to the last 10 min of each ventilation step.



Data Analysis and Sample Size Calculation

All variables are reported as medians [25th−75th percentile], if not otherwise specified. Measurements on multiple breaths were aggregated within-patients computing the median and the CV; then, between-patients medians [25th−75th percentile] were computed. Comparisons between continuous variables during the different ventilation steps were sought with Friedman's test and Dunn's post-hoc test. The primary endpoint was the partial pressure of arterial oxygen to FiO2 ratio (PaO2/FiO2). From internal administrative data, we expected a baseline PaO2/FiO2 around 150 ± 50 mmHg. Using a Latin square crossover design, and assuming an intra-subject correlation of the PaO2/FiO2 between treatments with ρ = 0.75, we needed to enroll at least 16 patients to achieve 90% power (1-β) to detect a 20% relative increase in the PaO2/FiO2 ratio (Muller and Barton, 1989; Muller et al., 1992). To account for potential drop-off or missing respiratory mechanics data, we aimed to enroll 20 patients. Repeated measurement analysis of respiratory mechanics parameters at different timepoints within each ventilation block was performed using mixed-effects linear models using patients as random effects and timepoint, ventilation, and their interaction as fixed effects.

In one post-hoc analysis, associations were determined between the respiratory mechanics parameters of each breath and the ΔPS received during the preceding breath in the vPSVBL and vPSV−5 ventilation steps. For this purpose, mixed-effects linear models were used, using patients as random effects and the ΔPS received during the preceding breath as the fixed effect.

All analyses were performed with R 3.2.3 (The R Foundation for Statistical Computing, www.r-project.org). Statistical significance was considered for two-tailed p < 0.05.




RESULTS

Twenty patients were enrolled and completed the study. Baseline characteristics are presented in Table 1. The FiO2 and PEEP were kept constant during the study in all patients; one patient required ΔPS reduction between ventilation block 1 and block 2 according to the treating clinician decision for reasons unrelated to the study procedures. Tables 2, 3 show respiratory mechanics, hemodynamics, and arterial blood gas analysis in ventilation blocks 1 and 2, respectively. The distribution of key respiratory mechanics parameters in ventilation blocks 1 and 2 is illustrated in Figures 2, 3, respectively. Supplementary Figures 3–11 report details the evolution over time of the respiratory mechanics parameters in the different ventilation steps.


Table 1. Baseline characteristics of patients.
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Table 2. Gas exchange, hemodynamics, and respiratory mechanics in patients during pressure support ventilation at different levels of variability (Block 1).

[image: Table 2]


Table 3. Gas exchange, hemodynamics, and respiratory mechanics in patients during pressure support ventilation at different variability and pressure support level (Block 2).
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FIGURE 2. Representative respiratory traces of a patient during conventional (left) and variable (right) pressure support ventilation. Pao, pressure at the airway opening; Pes, esophageal pressure.



[image: Figure 3]
FIGURE 3. Respiratory mechanics at different levels of variability (block 1). Variables are reported as the difference from the median value achieved during PSV0% to allow between-patients visual comparisons. Dashed lines represent the medians of each ventilation step. PSV0%, conventional PSV ventilation with no variability; vPSV15%, variable PSV with variability set to 15% CV; vPSV30%, variable PSV with variability set to 30% CV; CV, coefficient of variation; ΔPS, pressure support; ΔPes, esophageal pressure swings; PL, peak transpulmonary pressure.



Block 1: Physiological Effects of Different Variability Levels at Constant ΔPS

The PaO2/FiO2 did not differ between ventilation steps in block 1 (p = 0.62, Table 2). Median respiratory mechanics variables, other gas exchange, and hemodynamic parameters did not change between vPSV15% and vPSV30% compared with PSV0% (Table 2). However, the variability of ΔPS, PEEPtot, Pmean, and VT was higher with PSV15% and PSV30% compared with PSV0% (Table 2). The RR and PTPes,min had higher variability only with vPSV30% (Table 2). Moreover, asynchronies were more frequent with vPSV30% compared with PSV0% (p = 0.019, Table 2).



Block 2: Physiological Effects of Variability at Two Levels of ΔPS

The PaO2/FiO2, as well as other gas exchange and hemodynamic parameters, did not differ between ventilation steps in block 2 (Table 3). Ventilation modes with ΔPS reduced by 5 cmH2O (PSV−5 and vPSV−5) had lower Pmean, VT, PL, and higher RR (Table 3). Adding ±5 cmH2O variability (vPSVBL and vPSV−5 steps) increased the variability of ΔPS and Pmean compared to PSV without variability at the corresponding ΔPS level. Adding ±5 cmH2O variability increased the variability of VT and PL only when using the baseline ΔPS, but not when the ΔPS was reduced by 5 cmH2O. The incidence of asynchronies was not different between ventilation steps in block 2 (Table 3).

Tables 2, 3 report extensive details on respiratory mechanics, hemodynamics, and arterial blood gas analysis in ventilation blocks 1 and 2, respectively. The distribution of key respiratory mechanics parameters in ventilation blocks 1 and 2 is illustrated in Figures 3, 4, respectively. Supplemental Figures 3–11 report details the evolution over time of the respiratory mechanics parameters in the different ventilation steps.


[image: Figure 4]
FIGURE 4. Effects of variability on the distribution of respiratory mechanics parameters at different levels of pressure support (block 2). Variables are reported as the difference from the median value achieved during PSVBL to allow between-patients visual comparisons. Dashed lines represent the medians of each ventilation step. PSVBL, PSV with no variability and baseline ΔPS as per clinical indication; vPSVBL, variable pressure support with variability set to achieve ±5 cmH2O and baseline ΔPS as per clinical indication; PSV−5, PSV with no variability and ΔPS reduced by 5 cmH2O from the baseline value; vPSV−5, variable PSV with variability set to achieve ±5 cmH2O and ΔPS reduced by 5 cmH2O from the baseline value; PSV, pressure support ventilation; CV, coefficient of variation; ΔPS, pressure support; ΔPes, esophageal pressure swings; PL, peak transpulmonary pressure.




Post-hoc Analysis

Associations between respiratory mechanics parameters and the pressure level received in the preceding breath during vPSVBL and vPSV−5 are reported in Figure 5. The ΔPS received in the preceding breath was inversely associated with the magnitude of the inspiratory effort (ΔPes) in the following breath, both during vPSVBL (p = 0.003) and vPSV−5 (p = 0.005).


[image: Figure 5]
FIGURE 5. Associations between respiratory mechanics parameters and the pressure level received in the preceding breath during variable PSV. Squares and confidence intervals refer to the effect estimate for ΔPS in a mixed model comprising the ΔPS received during the preceding breath as a fixed effect and the patient as a random effect with random intercept. The units of the estimates are expressed in the untransformed units of the variables, i.e., they represent the absolute change in VT, ΔPes, or PL when the ΔPS received during the preceding breath increases by 1 cmH2O. vPSVBL, variable PSV with variability set to achieve ±5 cmH2O and baseline ΔPS as per clinical indication; vPSV−5, variable PSV ventilation with variability set to achieve ±5 cmH2O and ΔPS reduced by 5 cmH2O from the baseline value; PBW, predicted body weight; PSV, pressure support ventilation; ΔPS, pressure support; VT, tidal volume; ΔPes, esophageal pressure swings; PL, peak transpulmonary pressure. *Significant association (p < 0.05).





DISCUSSION

The main findings of this study are that in our mixed-ICU population of patients with mild to moderate ARDS: (1) vPSV with 15 or 30% variability did not influence gas exchange compared with conventional PSV; (2) at constant ΔPS, vPSV increased the variability of VT and PL; (3) vPSV30% increased the incidence of asynchronies; and (4) when the ΔPS was reduced by 5 cmH2O from the baseline value, adding variability did not increase the variability of VT and PL.

This is the first study comparing the short-term effects of vPSV at different levels of variability and ΔPS in patients with ARDS. In previous studies, vPSV improved oxygenation in the experimental models of ARDS (Gama de Abreu et al., 2008; Spieth et al., 2011, 2012), but not in a cohort of hypoxemic critically ill patients (Spieth et al., 2013). However, that last study included mostly postoperative patients without a confirmed diagnosis of ARDS and investigated a single level of variability and pressure support. Opposite to what was found in preclinical studies in animals, vPSV had no effect on gas exchange, when the ΔPS was set to the baseline value identified by the treating clinician and neither when it was reduced by 5 cmH2O. This could be explained by several mechanisms; most importantly, the time investigated in each ventilation step was relatively short, and the fact that patients had an established diagnosis of ARDS mostly in their recovery phase and received mechanical ventilation for few days prior to the inclusion in this study. Under these conditions, patient lungs could have developed consolidation, namely, the presence of lung regions scarcely responsive to recruitment (Cressoni et al., 2017). In this case, the breaths with higher ΔPS received cyclically during variable pressure support might expose the patient to volutrauma in the aerated regions of the lung (Güldner et al., 2016; Pelosi et al., 2016) due to the reduced size of the lung aerated compartment. Another explanation for the possible lack of effect of variability on oxygenation might be that, different from what happens in PSV with a sigh, vPSV has no control over the time spent at higher pressure during tidal breathing. This might result in random breaths with higher PS and short inspiratory time, both possibly insufficient to achieve recruitment. The tidal volume measured in this cohort was higher than the recommended targets, but this reflects the current clinical practice in patients with ARDS receiving assisted ventilation modes (Bellani et al., 2016; Writing Group for the PReVENT Investigators et al., 2018). During the second block of ventilations, the patients tolerated a ΔPS reduction without worsening the gas exchange in the short term, at the price of a modest increase of the respiratory rate, suggesting that they were slightly over-assisted. This could have influenced patient-ventilator interaction (Kataoka et al., 2018) and the response to variability, as suggested by the finding that, during the second block of interventions, the variability of VT was increased by vPSV compared with PSV only when the baseline ΔPS was used. However, during ventilation steps with baseline ΔPS, patients had a work of breathing estimated with the PTPes of around 150 cmH2O·s·min−1, which is within the recommended range (Mauri et al., 2016). Interestingly, higher PS resulted in a reduction in ΔPES in the following breath at both set ΔPS levels, while the variability of VT and PL was increased by extrinsic variability only at higher ΔPS. This seems to suggest that while a neural response to extrinsic variability is present independent of the level of assistance, its effects on the variability of VT and PL are influenced by the level of ΔPS.

This study is underpowered to demonstrate the effects of vPSV on patient-centered outcomes like duration of ventilation. This is tested in another, yet ongoing clinical trial (Kiss et al., 2013). In the post-hoc analysis, the effects of vPSV on the response of patients in terms of inspiratory effort, transpulmonary pressure, and tidal volume developed in the following breath were studied. An inverse association between the ΔPS received in the preceding breath and the inspiratory effort was observed. Different from other modified PSV modes such as the proportional assist ventilation (PAV) and the neurally adjusted ventilatory assist (NAVA), the variability of ΔPS was random, i.e., is not related to the efforts of patients. This analysis suggests that there might be a complex interaction between the ventilator and a patient, in which the inspiratory effort and the adaptation of the patient to pressure support are influenced by the history of the previous breaths.


Limitations

This study has several limitations. The crossover design allowed the investigation of the effects of different levels of variability and ΔPS in terms of gas exchange and respiratory mechanics in the short term but is intrinsically unable to investigate major clinical outcomes. The sample size is relatively low, no static measurements of respiratory mechanics were performed, and patients received heterogeneous sedation regimens that might have affected differently the respiratory drive. The population included in the study identifies a subgroup of critically ill patients meeting the criteria for mild to moderate ARDS who already received controlled or assisted mechanical ventilation for several days; however, the baseline patient characteristics were similar to those reported in a recent large observational study in patients with ARDS assisted non-invasively (Bellani et al., 2017). These patients with established respiratory failure, thus, possibly consolidated lung areas, might not benefit from the cyclic recruitment effect of vPSV, while patients with early ARDS might respond differently. However, the role of spontaneous breathing in the early management of ARDS is still unclear. This study could neither elucidate the mechanisms of the neural responses of the patients to variability nor the neuromuscular coupling of the respiratory muscles.




CONCLUSION

In our cohort of patients with mild to moderate ARDS, vPSV did not improve gas exchange at different levels of variability and pressure support. Compared with PSV, vPSV increased the variability of VT, but not when low levels of variability were used in conjunction with lower pressure support. Moreover, vPSV did not exert a clinically relevant effect on the average inspiratory effort and work of breathing.
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AP (CV, %) 232[180-342]  26.8[19.7-409] 26.8(24.3-47.5) 007
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Values are computed during the last 10min of a 45-min ventiation period. Data are reported as inter-subject median [25th~75th percentie] of the intra-subject median values.
2Significantly different from PSVos;. PSVos;, pressure support ventiation with no variabilty; vPSViss, variable pressure support ventilation with 15% CV variabilty; vPSVsos, variable
pressure support ventiation with 30% CV variabilty.

CV, coefiicient of variation; PEER, positive end-expiratory pressure; PBW, predicted body weight; APs, pressure support; Vr, tidal volume; TR, esophageal pressure-time product;
APes, esophageal pressure swings; Py, peak transpulmonary pressure.
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