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Abstract: Background: Airway pressure release ventilation (APRV) is a protective mechanical
ventilation mode for patients with acute respiratory distress syndrome (ARDS) that theoretically
may reduce ventilator-induced lung injury (VILI) and ARDS-related mortality. However, there is
no standard method to set and adjust the APRV mode shown to be optimal. Therefore, we per-
formed a meta-regression analysis to evaluate how the four individual APRV settings impacted the
outcome in these patients. Methods: Studies investigating the use of the APRV mode for ARDS
patients were searched from electronic databases. We tested individual settings, including (1) high
airway pressure (PHigh); (2) low airway pressure (P ow); (3) time at high airway pressure (THigh)/’ and
(4) time at low pressure (Trqy) for association with PaO,/FiO, ratio and ICU length of stay.
Results: There was no significant difference in PaO, /FiO; ratio between the groups in any of the
four settings (PHigh difference —12.0 [95% CI —100.4, 86.4]; Py difference 54.3 [95% CI —52.6,
161.1]; Trow difference —27.19 [95% CI —127.0, 72.6]; Thig difference —51.4 [95% CI —170.3, 67.5]).
There was high heterogeneity across all parameters (Pppgh I? = 99.46%, Proy 12 = 99.16%,
Tiow 12 = 99.31%, Thigh I? = 99.29%). Conclusions: None of the four individual APRV settings
independently were associated with differences in outcome. A holistic approach, analyzing all set-
tings in combination, may improve APRV efficacy since it is known that small differences in ventilator
settings can significantly alter mortality. Future clinical trials should set and adjust APRV based on
the best current scientific evidence available.

Keywords: ARDS; VILI; APRV

1. Introduction

Acute respiratory distress syndrome (ARDS) is a heterogeneous disorder that arises
from a variety of pulmonary and extrapulmonary insults and is uniformly associated with
high mortality [1,2]. Current treatment is supportive, including mechanical ventilation,
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prone positioning, and extracorporeal membrane oxygenation [3]. Despite several advances
in the role of mechanical ventilation in the mitigation of lung injury, incorrectly adjusted
ventilator settings can lead to unintended ventilator-induced lung injury (VILI), which has
been shown to increase mortality in ARDS [4].

Repetitive alveolar collapse and expansion (RACE) is the primary cause of atelec-
trauma, which, along with volutrauma, comprise the two main mechanical mechanisms
of VILI [4,5]. Low tidal volume ventilation (LTVV) has been shown to reduce mortality
in ARDS, ostensibly by limiting volutrauma in the remaining normal tissue. However,
even after the application of LTVV, mortality from ARDS remains unacceptably high [6-8].
Therefore, there is a need for novel protective modes of ventilation that can ameliorate both
volutrauma and atelectrauma [NO_PRINTED_FORM].

Airway pressure release ventilation (APRV) is a form of mechanical ventilation that
has been shown to have a superior physiologic profile compared to conventional LTVV
in pre-clinical studies [9]. Specifically, a time-controlled adaptive ventilation protocol for
setting the APRV mode, which is personalized based on changes in respiratory system
compliance (Cgg), has several important plausible mechanisms to reduce the propagation
of lung injury [10]. These mechanisms include: (i) a brief expiratory time personalized to
lung pathophysiology (Crs) that stabilizes lung tissue via pressure and time, and (ii) the
extended inspiratory time that leads to the recruitment of small volumes of lung tissue
with each breath. In the first mechanism, the lung does not have time to fully depressurize,
generating a time-controlled PEEP. In the second mechanism, lung tissue is gradually
“ratcheted” open over time, while the brief expiratory time prevents the newly opened
lung tissue from re-collapsing. These elements of the physiologic rationale for APRV stem,
in part, from the literature supporting the use of higher vs. lower positive end-expiratory
pressure (PEEP) strategies [11,12]. Accordingly, recent practice guidelines, supported by
the American Thoracic Society (ATS), suggest using higher PEEP in moderate to severe
ARDS [13]. Given the inverse ratio nature of APRV, PEEP tends to be lower, but the resulting
increase in mean airway pressure approximates the goal of higher PEEP in normal ratio
ventilation strategies. However, clinical trials have demonstrated mixed results, with a
recent meta-analysis comparing APRYV, using multiple protocols to set the mode, to LTVV,
finding that APRV was associated with overall improved outcomes, albeit with relatively
poor study quality [14].

One of the factors that contribute to the variability in APRV vs. LTVV clinical trials
may be the lack of an optimal or even standardized protocol for initiating and adjusting
APRYV settings on a mechanical ventilator. We therefore sought to examine the effect of
the four main APRV settings on outcomes in ARDS. The objectives of our study were
to (i) identify if there were studies that used similar methods to set APRV and, if so,
(ii) whether there is a method of setting APRV that was associated with an improvement
in ARDS-related outcomes. We analyzed the four settings used to adjust APRYV, including
the highest level of pressure applied to the respiratory system (Pigp), the lowest level
of pressure applied to the respiratory system (Py,,,), and the time spent at each pressure
setting (Thign and Tjoy, respectively). We hypothesized that personalizing the four settings
to lung pathophysiology (Crs) would be associated with reduced mortality and length of
stay and improved oxygenation.

2. Methods
2.1. Search Strategy

This systematic review and meta-regression is reported according to the Preferred
Reporting for Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines. A
health sciences librarian with experience in systematic reviews and literature searching
developed the search strategies in consultation with the research team. Systematic search
queries related to ARDS and APRV using a combination of keywords and controlled
vocabulary (where available) were conducted in PubMed, Embase, Scopus, Web of Science
Core Collection, and CENTRAL. The included databases are standard among medical
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systematic reviews and meta-analyses, and we chose not to include other, specialty-specific
databases that are not representative of critical care to avoid additional publication biases.
All databases and registers were searched from inception to 12 October 2023. There were
no search restrictions on language, publication status, or outcomes. The details of all
the search strategies, including specific terms and Boolean operators, can be found in
Supplementary Materials File S1. The search identified 2131 records. Duplicates were
removed using EndNote 20 (Endnote, Clarivate, available at www.endnote.com, accessd
on 1 January 2023). The remaining 1755 records were uploaded into Covidence (Covidence,
Veritas Health Innovation, Melbourne, Australia; available at ww.covidence.org) for title
and abstract screening.

2.2. Study Inclusion Criteria and Outcomes Measured

We included all experimental studies that used APRV as a mode of ventilation within
their study. All patients were adults (age >18 years) who underwent mechanical ventilation.
We excluded case reports, literature reviews, and conference proceedings as they generally
lacked the data specificity necessary for our intended analyses. There were no search
restrictions on language, publication status, or outcomes. All studies were conducted
on humans.

We chose to categorize ventilator settings into groups based on how each setting
impacts lung physiology and their alignment with the preponderance of the basic science
literature that has been shown to be lung-protective [10,15]. Specifically, we compared
Pprign set by plateau pressure vs. Ppgp, not set by plateau pressure, Pjo,y set to 0 vs. Pjoy, not
set to 0, Tjow set to 50-75% of peak expiratory flow rate vs. Ty, not set to 50-75% of peak
expiratory flow rate, and Thg, set based on PaCO; vs. Thig, set arbitrarily.

The primary outcomes of this study were mortality (percentage of patients surviving
in the APRV group), P/F ratio (PaO,/FiO,), number of ventilator-free days, static lung
compliance, and intensive care unit length of stay (LOS).

2.3. Data Extraction and Quality Assessment

All procedures were independently reviewed by three authors (JC, JK, ML) in accor-
dance with the prespecified inclusion criteria. The general information extracted included
study and subject characteristics (age, gender, etiology, study design, aim of study, inclu-
sion and exclusion criteria, method of recruitment, ventilator mode, population size, and
population characteristics), specific APRV settings, including the time at high pressure,
the time at low pressure, the high pressure, and the low pressure (Thigh, Tiow, Phighs Plow),
and outcome results. Data were recorded as either percentage or mean and standard
deviation. The Cochrane Risk of Bias tool was used for the quality assessments. Any
disagreements regarding data collection, data extraction, and quality assessment were
resolved by consensus.

2.4. Statistical Analysis

Data extracted from the individual studies are presented as published (e.g., means
and standard deviations) where available; when standard deviation (SD) was unavailable,
we estimated the standard deviation (SD) from the range using a previously published
method [16]. Between-study heterogeneity was assessed using the Cochran Q-test and
I-squared test. We performed mixed-effects meta-regression to assess the association of
APRV setting strategy and clinical outcomes of interest, using the maximum likelihood (ML)
estimator for mixed-effect modeling. We chose to perform a meta-regression analysis as
opposed to a traditional meta-analysis given the limitations of the meta-analysis framework.
Specifically, a meta-analysis does not allow for a comparison of outcomes within a single
arm (i.e., Pjo,, set to 0 vs. not set to 0) as opposed to a comparison of outcomes between
an intervention and a control (i.e., Pioy, set to 0 vs. LTVV). To maximize statistical power,
we compared strategies in individual ventilator setting parameters (i.e., Phigh, Piow, Tiow,
Thign) instead of groups of settings, because, given there is no standardized protocol
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and a limited number of studies available, there were several combinations of ventilator
settings presented as APRV in individual studies. We similarly chose not to perform
sub-group analyses due to the small number of studies across parameter combinations,
which could limit the validity and interpretability of any tests of interaction between sub-
groups. We defined statistical significance as a 2-sided alpha < 0.5. Statistical analysis was
performed using the metafor R package in R (version 4.3.2, The R Foundation for Statistical
Computation, Vienna, Austria).

3. Results
3.1. Study Selection and Characteristics

We identified 2,131 records from a systematic search of the included databases (PubMed
n = 1248, Embase n = 370, Scopus n = 192, Web of Science n = 321, CENTRAL 7n = 43). In
total, 419 duplicative records were excluded. After screening 1755 titles and abstracts,
1432 records were excluded for irrelevance. After full-text assessment, 20 studies were
included in our data extraction and subsequent analysis (Figure 1). The majority of studies
excluded at full-text assessment (1 = 303) were for incorrect study design (i.e., the study
was not a RCT or cohort study), incorrect publication type (i.e., conference proceeding,
and/or incomplete data). The remaining excluded studies were for languages other than
English, incorrect outcomes (i.e., did not include any of the outcomes of interest), incorrect
patient population or pediatric population, incorrect intervention, incorrect clinical setting,
or repeat study.

We included 9 cohort studies, 10 randomized controlled trials, and one cross-over
study (Table 1) [17-36]. The average number of participants from randomized controlled
trials was 37 while the average number of participants from cohort studies was 22. The
included studies were published between 1994 and 2022. Six of the included studies were
conducted in the United States. The other studies were performed in Australia, China,
Egypt, Finland, Germany, India, Japan, Mexico, and Turkey. The sample sizes ranged from
6 to 71, for a total of 538 study participants.
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Table 1. Characteristics from included studies.
Study Design Sample Size of Tiow (%) Pjow Set to 0 Thien Adjusted for PCO Ppion Set Based on P, Outcomes
APRV Group ow \/0 low high ] 2 high plat
Momtaz 2022 [36] RCT - 75 No No Yes 1
Li 2023 [17] Cohort study 12 50-75 Yes Yes Yes 1,2
Varpula 2004 [18] RCT 30 Arbitrary No No No 1,2,3
Kaplan 2001 [19] Cohort study 12 Arbitrary - No - 2
Ibrahim 2022 [20] RCT 30 Arbitrary Yes No No 1,4,5
Wrigge 2001 [21] Cohort study 14 Arbitrary No No No 2
Lim 2016 [22] Cohort study 50 Arbitrary No No No 1,2,5
Li 2016 [23] RCT 26 Arbitrary Yes No No 1,2,3,4,5
Zhou 2017 [24] RCT 71 50-75 No Yes Yes 1,2,3,5
Marik 2009 [25] Cohort study 22 Arbitrary No No Yes 1,2
Kucuk 2022 [26] RCT 32 Arbitrary Yes No Yes 1,2,3,5
Daoud 2013 [27] Cohort study 6 50-75 Yes No Yes 2
Yoshida 2009 [28] Cohort study 9 50-75 Yes No No 2
Manjunath 2021 [29] RCT 30 Arbitrary Yes No No 2,4,5
Sydow 1994 [30] Cross-over study 18 Arbitrary No No No 1
Liu 2009 [31] Cohort study 19 Arbitrary Yes No No 1,2,5
Dart 2005 [32] Cohort study 46 Arbitrary Yes Yes No 1,2,3
Hirshberg 2018 [34] RCT 35 50-75 Yes Yes No 1,2,3,5
Maxwell 2010 [33] Cohort study 31 Arbitrary Yes No Yes 1,5
Tbarra-Estrada 2022 RCT 45 50-75 Yes No Yes 1,2,3,5

[35]
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Figure 1. PRISMA flowchart.

3.2. Bias and Study Quality Assessment

Table 2 documents the quality assessment of the included studies as determined
through the Cochrane Risk of Bias tool. While most of the studies employed adequate
random sequence generation and allocation concealment, the overwhelming majority of
studies lacked blinding of both participants and personnel as well as an outcome assessment.
We found that there was a very heterogeneous assessment of outcomes across the included
studies. Most studies had complete outcome data for PaO, /FiO; (P/F) ratio and intensive
care unit (ICU) length of stay (LOS). However, the majority of studies did not include
complete data for mortality, ventilator-free days, and static lung compliance. Therefore, we
were only able to perform meta-regression analyses for the P/F ratio and ICU LOS. There
was limited evidence of selective reporting, and we detected a low risk of other bias.
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Table 2. Quality assessment of included studies.

Sequence Allocation Bl.h.‘ding of Blinding of . .
Studv ID Generation Concealment Participants and Outcome Incomplete Outcome  Selective Reporting  Other Sources of
y . . . . Personnel Assessment Data (Attrition Bias) (Reporting Bias) Bias
(Selection Bias) (Selection Bias) . . .
(Performance Bias) (Detection Bias)
Momtaz 2022 [36] Low Low Low Low Low Low Low
Li 2023 [17] Low Unsure Low Low Low Low Low
Varpula 2004 [18] Low Low High Unsure Low Low Low
Kaplan 2001 [19] Unsure High High High High Unsure Low
Ibrahim 2022 [20] Low Low High High Low Low Low
Wrigge 2001 [21] Unsure Unsure High High High Unsure Low
Lim 2016 [22] Low Low Unsure Unsure Low High Low
Li 2016 [23] Low Low Unsure Unsure Unsure Low Low
Zhou 2017 [24] Low Low High Unsure Low Low Low
Marik 2009 [25] Unsure High High High High High Low
Kiigtik 2022 [26] Low Low High High Low Low Low
Daoud 2013 [27] High High Low High Low Low Low
Yoshida 2009 [28] High High High High High Unsure Low
Manjunath 2021 [29] Unsure Low High High High Low Low
Sydow 1994 [30] Low Unsure High Unsure Low Unsure Low
Liu 2009 [31] Low High Unsure Unsure Low Low Low
Dart 2005 [32] Unsure Low Low Low Low Low Low
Hirshberg 2018 [34] Low Low Low High Low Unsure Low
Maxwell 2010 [33] Low Low High Unsure Low Unsure Low

Ibarra-Estrada 2022 [35] Low Low High High Low Low Low
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3.3. Meta-Regression Analyses

We performed mixed model meta-regression analyses with each ventilator setting
individually as the categorical independent variable and outcome measure of interest as
the dependent variable with a study-level random intercept to account for between-study
heterogeneity. In total, 15 studies had complete data (i.e., both mean and SD) for the P/F
ratio. There was no significant difference in P/F ratio between groups defined on the basis
of any of the four settings (Ppig difference —12.0 [95% CI —100.4, 86.39]; Py, difference
54.3 [95% CI —52.6, 161.1]; Ty, difference —27.19 [95% CI —127.0, 72.6]; Thgp, difference
—51.4 [95% CI —170.3, 67.5]). The forest plots are shown in Figure 2. There was high
heterogeneity across all parameters (Pphjgn 12 = 99.46%, Piow I? = 99.16%, Tiow 12 = 99.31%,
Thigh 12 = 99.29%).

There were 9 studies with complete data for ICU LOS. Similarly, there was no signifi-
cant difference in ICU LOS between the groups in any of the four settings (Ppgp, difference
2.8 days [95% CI —4.8, 10.3], Py, difference —2.0 days [95% CI —11.7, 7.7], T}, difference
—1.8 days [95% CI —9.4, 5.7], Tp;gh difference 3.5 days [95% CI —3.5, 10.4]). The forest plots
are shown in Figure 3. As with the P/F ratio analysis, there was high heterogeneity across
all four ventilator setting parameters (Pp;gp 12 = 99.63%, Piow I? = 99.67%, Tiow 12 = 99.63%,
Thigh I? = 99.59%).

Author(s) and Year Sample Size P/F Ratio [95% CI]

A Phigh set by Pplat
Ibarra-Estrada, 2022 45 sl 181.00 [168.44, 193.56]
Daoud, 2013 6 275.80 [143.53, 408.07]
Kiglk, 2022 32 - 478.00 [463.66, 492.34]
Marik, 2009 22 —— 210.00 [173.65, 246.35]
Zhou, 2017 71 —— 280.30 [260.78, 299.82]
Kaplan, 2001 12 HiH 182.00 [171.82, 192.18]
Li, 2023 12 —— 222.20 [189.12, 255.28]
RE Model for Subgroup (Q = 1275.13, df = 6, p < 0.001; 2= 99.3%, ?= 11193.58) ————— 260.97 [180.47, 341.46]
Phigh not set by Pplat
Hirshberg, 2018 35 - 165.00 [158.79, 171.21
Dart, 2005 46 —— 294.00 [264.23, 323.77]
Liu, 2009 19 — 268.80 [235.84, 301.76]
Manjunath, 2021 30 —— 426.00 [400.06, 451.94]
Yoshida, 2009 9 —. 398.00 [347.20, 448.80]
Li, 2016 26 —— 220.00 [202.32, 237.68]
Wrigge, 2001 14 ——— 273.00 [237.38, 308.62]
Varpula, 2004 30 L} 150.00 [146.24, 153.76]
RE Model for Subgroup (Q = 713.34, df = 7, p < 0.001; I? = 99.6%, > = 9672.31) — 273.02 [204.11, 341.94]

[ T T T 1
100 200 300 400 500
P/F Ratio

B Author(s) and Year Sample Size P/F Ratio [95% CI]
Plow set at 0
Ibarra-Estrada, 2022 45 = 3l 181.00 [168.44, 193.56]
Hirshberg, 2018 35 - 165.00 [158.79, 171.21
Dart, 2005 46 —— 294.00 [264.23, 323.77]
Liu, 2009 19 —— 268.80 [235.84, 301.76]
Manjunath, 2021 30 —— 426.00 [400.06, 451.94]
Yoshida, 2009 9 —— 398.00 [347.20, 448.80
Daoud, 2013 6 275.80 [143.53, 408.07]
Kiiglk, 2022 32 - 478.00 [463.66, 492.34]
Li, 2016 26 —— 220.00 [202.32, 237.68]
Kaplan, 2001 12 HilH 182.00 [171.82, 192.18]
Li, 2023 12 — 222.20 [189.12, 255.28
RE Model for Subgroup (Q =202.91, df =5, p < 0.001; 1? = 98.9%, 1° = 7071.08) ————— 250.10 [179.58, 320.62]
Plow not set at 0
Marik, 2009 22 —— 210.00 [173.65, 246.35
Zhou, 2017 74! —— 280.30 [260.78, 299.82
Wrigge, 2001 14 ——— 273.00 [237.38, 308.62]
Varpula, 2004 30 ] 150.00 [146.24, 153.76]

RE Model for Subgroup (Q = 2381.88, df = 8, p < 0.001; I = 99.6%, 1* = 11980.07)  ————  —————— 277.93 [205.92, 349.94]

[ I T T 1
100 200 300 400 500

P/F Ratio

Figure 2. Cont.
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C Author(s) and Year Sample Size

P/F Ratio [95% CI]

Tlow set at 50-75% PEFR

Ibarra-Estrada, 2022 45 - 181.00 [168.44, 193.56]
Hirshberg, 2018 35 - 165.00 [158.79, 171.21]
Yoshida, 2009 9 —— 398.00 [347.20, 448.80]
Daoud, 2013 6 275.80 [143.53, 408.07]
Zhou, 2017 71 —— 280.30 [260.78, 299.82]
Li, 2023 12 —— 222.20[189.12, 255.28]
RE Model for Subgroup (Q = 202.91, df = 5, p < 0.001; I* = 98.9%, <* = 7071.08) ———— 250.10 [179.58, 320.62]
Tlow not set at 75% PEFR
Dart, 2005 46 —— 294.00 [264.23, 323.77]
Liu, 2009 19 —- 268.80 [235.84, 301.76]
Manjunath, 2021 30 —— 426.00 [400.086, 451.94]
Kigik, 2022 32 - 478.00 [463.66, 492.34]
Marik, 2009 22 —— 210.00 [173.65, 246.35]
Li, 2016 26 —— 220.00 [202.32, 237.68]
Wrigge, 2001 14 — 273.00 [237.38, 308.62]
Kaplan, 2001 12 HiH 182.00 [171.82, 192.18]
Varpula, 2004 30 [ ] 150.00 [146.24, 153.76]
RE Model for Subgroup (Q = 2381.88, df = 8, p < 0.001; 1% = 99.6%, t* = 11980.07) ——— 277.93 [205.92, 349.94]
f T T T
100 200 300 400
D Author(s) and Year Sample Size PIF Ratio [95% CI]
Thigh set by PCO2
Hirshberg, 2018 35 L] 165.00 [158.79, 171.21]
Dart, 2005 46 —— 294.00 [264.23, 323.77]
Li, 2023 12 —— 222.20 [189.12, 255.28]
RE Model for Subgroup (Q = 78.26, df = 2, p < 0.001; I = 96.8%, * = 4096.25) o ———— 225.99 [152.06, 299.92)
Thigh set arbitrarily
Ibarra-Estrada, 2022 45 s _al 181.00 [168.44, 193.56]
Liu, 2009 19 —— 268.80 [235.84, 301.76]
Manjunath, 2021 30 —— 426.00 [400.06, 451.94]
Yoshida, 2009 9 —— 398.00 [347.20, 448.80]
Daoud, 2013 6 275.80 [143.53, 408.07]
Kiigiik, 2022 32 —— 478.00 [463.66, 492.34]
Marik, 2009 22 —— 210.00 [173.65, 246.35]
Zhou, 2017 7 —— 280.30 [260.78, 299.82]
Li, 2016 26 —— 220.00 [202.32, 237.68]
Wrigge, 2001 14 — 273.00 [237.38, 308.62]
Kaplan, 2001 12 HiH 182.00 [171.82, 192.18]
Varpula, 2004 30 - 150.00 [146.24, 153.76]
RE Model for Subgroup (Q = 2495.35, df = 11, p < 0.001; I = 99.5%, <* = 11016.50) ——cEE—— 278.07 [217.47, 338.68]
[ T T T
100 200 300 400
P/F Ratio

Figure 2. P/F ratio forest plots. Forest plots of P/F ratio analysis by APRV setting. (A) Pp;gp, forest

plot. (B) Pjoy forest plot. (C) Ty, forest plot. (D) Tyig, forest plot [17-36].

A Author(s) and Year ‘Sample Size IcU LOS [95% C1|

Phigh set by Pplat
Ibarra-Estrada, 2022 5 - 9.00(8.34, 966)
Maxwell, 2010 3 — 16.47(11.95,20.99]
RE Model for Subgroup (@ = 10.29,df = 1, p = 0.001; = 90.3%, * = 25.19) ————— 12.39(5.10, 19.68]
Phigh not set by Pplat
Hirshberg, 2018 35 - 8.70(8.03, 937)
Dart 2005 4 —— 17.00 (14,98, 19.02)
Liu, 2009 19 35.00(1297,57.03]
Manjunath, 2021 20 - 190159, 221)
Li.2016 2 Cm 7.40(6.13, 867)
Lim, 2016 50 - 12,00 (11,03, 1297)
orahim, 2022 30 - 7.20(7.06, 7.34)
RE Model for Subgroup (Q = 1207.18, df = 6, p < 0.001; I = 99.8%, v’ = 20.32) | ~t— 9.79(5.50, 14.07]

T T T T T T 1

o 10 20 £ w0 50 0

1CULOS (days)
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Figure 3. ICU LOS forest plots. Forest plots of ICU LOS analysis by APRV setting. (A) Ppg, forest
plot. (B) Pjoy forest plot. (C) Ty forest plot. (D) Thgp, forest plot [17-36].

4. Discussion

In our systematic review and meta-regression analysis, we found no difference in
oxygenation or ICU LOS between strategies in setting individual APRV-related ventilator
parameters. In addition, we also demonstrate significant variability in the setting and
adjustment of APRV in patients with ARDS. Taken together, these findings suggest that the
most effective combination of APRYV settings has not been established, and the design of
existing trials comparing APRV to LTVV may be suboptimal.

The variability in APRV settings among the included studies was one of the most
striking findings of our study. Among the 20 studies included in our analyses, 11 of
the 16 possible combinations of the 4 ventilator settings were represented, with only 2
combinations represented by more than 2 studies each. Given the inconsistency in APRV
protocols used across the studies and the limited number of studies in each combination,
comparisons of APRV to LTVV are limited by study heterogeneity, and comparisons of
APRYV protocols are limited by the low number of studies with matching ventilator setting
configurations. We attempted to address some of the between-study variability by pursuing
a meta-regression analysis of single APRV arms instead of the traditional meta-analysis
comparing APRV to LTVV. Given the relatively even distribution of studies within each
parameter, aside from Tj,,, we were similarly able to employ meta-regression analysis to
circumvent some of these issues.

We categorized APRV settings based on extensive physiologic data from studying the
four APRV setting categories in animal models of ARDS. Although ARDS pathophysiology
is highly complex, the dynamic change in alveolar mechanics predisposes the lung to a
secondary VILL In this setting, the lung becomes time- and pressure-dependent, such that
it takes more time to open lung tissue and less time to re-collapse at any given airway
pressure [37]. Thus, a longer inspiratory time (Th;gn) and a very brief expiratory time (Trow)
may rapidly stabilize and then gradually recruit collapsed lung tissue, eliminating both
atelectrauma and volutrauma.
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Arguably, the most important APRV setting is the Troy,. If the Troy is set to be
sufficiently brief, it will not allow sufficient time for the alveoli to collapse, even with very
rapid collapse time constants. Preventing alveolar collapse during expiration has two
important lung-protective benefits: (1) progressive lung collapse moving the lung into
the “VILI Vortex” would be prevented, and (2) atelectrauma, a primary VILI mechanism,
would be minimized [4,38]. The slope of the expiratory flow curve (Slopegr) has been
shown to be a measure of Crg and can be used to personalize the Ty, based on changes in
lung pathophysiology [39]. Importantly, the expiratory flow curve is a breath-by-breath
assessment of Crg only when the P}, is set to 0 cmH,O. We have previously demonstrated
that if the expiratory flow is terminated (Tgp) at 75% of the peak expiratory flow (Pgr) (Pgr
L/min x 75% = Tgr L/min), alveolar collapse and dynamic heterogeneity is prevented,
whereas increasing the T ow (Pgr X 10%, 25%, or 50%) does not. We have further shown that
using this method to set T} oy is highly lung-protective both in a clinically relevant large
animal model and in clinical case series [40-42]. Despite the volume of data supporting its
use, only one study included in our present analysis used Pgr 75% to set the Ty, [36].

In addition, we have previously demonstrated that, when using Pgp 75% to set Ty o,
alveoli are stabilized even when Py, was set at 0 cmH,O [43]. Interestingly, the majority of
studies included in the present analysis set P1y to 0 cmH,O (Table 1). Using this method,
Trow is sufficiently brief such that the lung does not have time to fully depressurize.
Therefore, alveolar stability is maintained by a combination of time and pressure. While
Pow is set at 0 cmH,O, the end-expiratory pressure remains approximately half of the
Phign value [44]. On the other hand, PLoy set above 0 emH;O has two negative effects:
(i) the added resistance slows the expiratory flow, and the Slopegr is no longer an accurate
assessment of Crs, and (ii) the reduced rate of expiration may cause an increase in PaCO,.

APRV can be adjusted to increase PaCO, removal using two basic methods that
increase minute ventilation. The T} o, could be increased to augment tidal volume (Vrt),
but from a physiologic perspective, this is problematic. It is well known that a large Vr
can cause VILI, and lengthening the Ty, can cause alveolar instability (atelectrauma) and
alveolar duct overdistension (volutrauma) [8,43,45]. Alternatively, reducing the length
of the Tyjgp to increase respiratory rate can increase PaCO; removal. While decreasing
Thign is likely more lung protective than increasing Tpow, which would increase V1 and
compromise alveolar stability, the shorter inspiratory time may slow progressive lung
recruitment. Only three of the studies analyzed in this meta-analysis changed Ty;gp, to
eliminate PaCO, (Table 1).

One of the main limiting factors of existing clinical trials comparing APRV to LTVV has
been sample size. Assuming an effect size comparable to the ARMA trial (approximately
10% reduction in mortality), o« = 0.05, and 80% power, the estimated sample size needed
would be over 700 individuals. Among the studies included in our analysis, the largest
sample size was 71 individuals, with a total of 538 individuals across all included studies,
which only makes up just above 60% of the estimated sample size of an adequately powered
clinical trial. Any future trial will thus need to address these considerations to study APRV
in the clinical setting appropriately.

The primary limitation of our analysis was the substantial heterogeneity in the in-
cluded studies. The I? for all the analyses was over 99%, suggesting that almost all the
observed variation was due to between-study, as opposed to within-study, differences.
As mentioned above, at least some and perhaps a large proportion of the heterogeneity
is clearly due to the multiple combinations of parameters across the studies. However,
rather than showing that all APRV protocols are the same, our study demonstrates that the
optimal strategy has not yet been demonstrated. There are also likely many other unknown
sources of variability due to the diverse etiologies and clinical presentations of ARDS. For
example, the study by Ibarra-Estrada et al. included only individuals with ARDS secondary
to the novel coronavirus disease 2019 (COVID-19). While there are several clinical and
biologic similarities between COVID-19 ARDS and non-COVID-19 ARDS, there are notable
pathophysiologic differences, including the severity of endothelial injury, microangiopathy,
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and thrombosis [46]. In addition, there is a growing body of literature delineating two
molecular phenotypes that have distinct biological profiles and mortality trajectories. Post
hoc analyses have not demonstrated the interaction between randomized treatment and
phenotype, but future studies that are designed with these heterogeneous groups in mind
are necessary to better understand the role of APRV and other management strategies in
ARDS [47].

Our results further highlight heterogeneity in clinical trial design as an important
barrier to scientific advancement in the practice of critical care. In particular, the lack of
standardization in protocols for mechanical ventilation limits the generalizability of any
given clinical trial and the comparability of clinical trials in meta-analysis. For example,
despite a consistent signal toward reduced mortality and improved oxygenation with
higher PEED, the authors of the recent ATS practice guideline offered only a conditional
recommendation for the use of higher PEEP due to heterogeneity noted in the meta-
analyses [13]. Future trials designed to evaluate APRV as a ventilation strategy for ARDS
should include a clear justification for the method of setting each individual parameter,
rather than comparing ventilator modes in name only.

Despite the number of criticisms of the existing APRV trials, we acknowledge that
the ideal clinical trial design is complex. There may be several viable approaches, but a
multi-arm parallel-group design is likely the most familiar and straightforward method for
studying the multiple parameters required for APRV [48]. In this scenario, each arm would
consist of a given combination of settings for the duration of the study period. Alternatively,
a stepped wedge with or without cluster randomization could achieve similar results.

The principal source of bias for the included studies was the lack of blinding for
participants and personnel, which was unfortunately unavoidable due to the nature of the
intervention. In addition, several of the outcomes of interest, including, notably, mortality,
had missing data, precluding inclusion in our analysis. However, there was sufficient data
to analyze both the P/F ratio and ICU LOS, an important physiologic outcome and an
important patient-centered outcome, respectively.

In conclusion, we found no differences in outcomes in individual APRV parameter
strategies. Specifically, 68% of the included studies set the expiratory time (T}, ) arbitrarily
and without scientific rationale. Setting the expiratory time to a specific physiologic pa-
rameter, such as Crg, may be the most important of the four settings since, if sufficiently
short, it may eliminate recruitment/derecruitment-induced atelectrama. Only one study
set expiratory time to 75% of Pgg; thus, we could not further assess this method in sub-
group analysis. While our analysis had several strengths, including the inclusion of a wide
breadth of studies and meta-regression study design, the main limitation was the pro-
found heterogeneity between included studies. With mortality related to ARDS remaining
unacceptably high, further investigation into novel ventilation strategies is imminently
necessary. Understanding the physiologic impact of each setting, both individually and in
combination, is critical to optimizing the lung-protective impact of APRV. Our findings sug-
gest that future studies are needed to establish the optimal combination of APRV settings
to improve ARDS-related patient outcomes.
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