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Optimal Upper Limits of Plateau Pressure for Patients With
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Seven Days: A Meta-Regression Analysis
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Abstract

Background: The effects of plateau pressure during the initial days
of mechanical ventilation on outcomes for patients with acute res-
piratory distress syndrome have not been fully examined. We con-
ducted meta-regression analysis of plateau pressure during the first
7 days using randomized control trials to investigate the optimal
upper limits of plateau pressure on different days of mechanical
ventilation.

Methods: Randomized controlled trials comparing two mechanical
ventilation strategies with lower and higher plateau pressures in pa-
tients with acute respiratory distress syndrome were included. Meta-
regression analysis was performed to determine the association of
plateau pressure with mortality on days 1, 3, and 7 of mechanical
ventilation.
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Results: After evaluation of 2,975 citations from a comprehensive
search across electronic databases, 14 studies were included in the
final qualitative analysis. A total of 4,984 patients were included in
the quantitative analysis. As a result of the pairwise comparison,
overall short-term mortality was significantly higher for patients
with plateau pressures over 32 cm H,O during the first 3 days after
intensive care unit (ICU) admission (day 1: relative risk (RR), 0.77;
95% confidence interval (CI), 0.66 - 0.89; I2 = 0%; day 3: RR, 0.76;
95% CI, 0.64 - 0.90; I2 = 0%), but not on day 7 (RR, 0.82; 95% CI,
0.65 - 1.04; I = 16%). Plateau pressures below 27 cm H,O and 30
cm H,O were not associated with an absolute risk reduction of short-
term mortality. According to univariable meta-regression analysis,
mortality was significantly associated with plateau pressure on day 1
(B=0.01(95% CI, 0.002 - 0.024), P = 0.02). On days 3 and 7, how-
ever, no significant difference was detected. When the cutoffs were
set at 27, 30 and 32 cm H,O on day 1, which showed a significant
difference, plateau pressure tended to be associated with increased
mortality at pressures above the cut-off values, and there were no
significant differences at pressures below the cut-off values, regard-
less of the cutoff used.

Conclusions: This study suggests that the optimal cut-off value for
plateau pressure may be 27 cm H,O especially during the initial pe-
riod of mechanical ventilation, although this association may not con-
tinue during the latter period of mechanical ventilation.

Keywords: ARDS; Mechanical ventilation; Plateau pressure; Meta-
regression

Introduction

Acute respiratory distress syndrome (ARDS) is an acute, dif-
fuse, inflammatory form of lung injury associated with a vari-
ety of etiologies. The mortality rate of the patients with ARDS
is approximately 19.7-55.3% [1, 2]. A substantial number of
ventilator strategies to reduce the plateau pressure have been
proposed to minimize ventilator-induced lung injury (VILI)
in patients with ARDS [1-8]. Considering the effect of these
pressures on outcomes such as mortality, the effects from sev-
eral perspectives must be evaluated, including at what cut-off
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values outcomes are affected, and how long these effects last.

In a recent observational study, Villar et al [7] reported
that a plateau pressure above 26 cm H,O is harmful, which
suggests that the appropriate plateau pressure still remains to
be conclusively determined. A Cochrane review [9] compared
two lung ventilation strategies, protective and non-protective,
not between different cut-off limits of plateau pressure. In con-
trast, although all randomized controlled trials (RCTs) includ-
ed in a meta-analysis [10] involved a comparison of higher and
lower levels for the upper limit of plateau pressures, no study
compared various levels of plateau pressures. Since the rela-
tionship between the plateau pressure and mortality in ARDS
may not be linear [11], it may be inappropriate to investigate
the optimal upper limit of plateau pressure by a simple com-
parison of two different plateau pressures.

The interactions between the time course and changes
in plateau pressure were not considered in a previous meta-
analysis [10]. The degree of the effects of these pressures on
outcomes such as mortality may be different on day 1, day 3,
and day 7, and it is not clear how long these pressures need to
be strictly controlled. However, most studies have evaluated
the pressures on day 1 or the average of day | and day 3, so
the effect of the pressure after several days, such as on day 3
and day 7, on outcomes has not been evaluated. Therefore, to
investigate the optimal upper limits of plateau pressure over
the course of ARDS, a simple meta-analysis of RCTs may be
insufficient. Stratification based on the upper limits of plateau
pressures, and by the period of ventilation along with a meta-
regression analysis, may be more meaningful.

The objective of this systematic review was to evaluate the
optimal limits of plateau pressure with respect to mortality on
days 1, 3, and 7, by univariable meta-regression analysis, with
or without determining the cut-off values for these pressures.
In this analysis, the mean and standard deviation of the pres-
sures for each arm of the RCTs were independent variables and
mortality was the dependent variable.

Materials and Methods

This systematic review was designed on the basis of the
Preferred Reporting Items for Systematic review and Meta-
Analyses (PRISMA) statements [12]. This protocol is regis-
tered with the PROSPERO prospective register of systematic
reviewers (CRD42016041924) and has been published [13].
Since this study is a systematic review and meta-analysis, the
Institutional Review Board approval was not required. This
study was conducted in compliance with the ethical standards
of the responsible institution on human subjects as well as with
the Helsinki Declaration.

Study eligibility
Type of studies

This analysis included only published RCTs that were either
full-scale or pilot studies.
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Type of participants

This study included adults (age 18 years or older) with ARDS or
acute lung injury from any cause, as defined by the Berlin defini-
tion [14] or the North-American-European Consensus Confer-
ence on ARDS, undergoing mechanical ventilation (MV) [15].

Types of interventions and comparators

We included RCTs that compared two different MV strategies
with lower and higher plateau pressures in patients with ARDS
and acute lung injury. The values of the plateau pressures were
directly extracted from each paper. High-frequency oscillation
ventilation (HFOV) was excluded due to the lack of informa-
tion on the plateau pressure.

Type of outcomes

The following outcome measures were evaluated: the primary
outcome was short-term mortality (1: at the end of the follow-
up period for each trial, 2: at day 28, and 3: at discharge from
the hospital).

Information sources

We searched MEDLINE via the NCBI Entrez system, the
Cochrane Central Register of Controlled Trials (CENTRAL),
EMBASE, and Ichushi, a database of papers in the Japanese
language.

Search strategy

We used the search terms “mechanical ventilation” AND “ARDS,”
“adult respiratory distress syndrome,” “ALI” or “acute lung in-
jury” AND “tidal volume,” “pressure limited” or “volume lim-
ited.” Searches were performed in May 2019. The detailed search
strategy and the dates on which the searches were performed are
shown here (Supplementary Material 1, www.jocmr.org).

Study records and data management

The literature search results from each database were extracted
into Microsoft (Redmond WA USA) Excel files, and duplicates
were removed by sorting the results alphabetically based on
author. All full text files were managed with EndNote (X7)
bibliographic software (Thompson Reuters, Philadelphia,
Pennsylvania, USA). A meta-analysis was conducted with Re-
view Manager (RevMan) software V.5.3.5.

Selection process

Two of the three physicians involved in the study (HY, TN,
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TK) screened each title and abstract of relevant studies during
the first screening and the full text during the second screening.
Disagreements were resolved by discussion with the physician
who did not screen the study in question.

Data collection process

After extracting meta-analyses during the second screening,
data were extracted from each study by three reviewers (HY,
TN, TK) using two tools: 1) the Cochrane Data Collection
Form (RCTs only) [16] and 2) Review Manager (RevMan)
software V.5.3.5 [10].

Risk of bias in individual studies

The risk of bias in each included study was evaluated with the
Cochrane Risk of Bias Assessment tool [17, 18] with respect
to the eight domains. Each bias was graded as “low-risk,” “un-
clear-risk,” or “high-risk.” Two of the three reviewers (HY, TN,
TK) separately graded the bias of each study, and any disagree-
ment was resolved by the decision of the remaining reviewer.

Data synthesis

Forest plots were used for the meta-analysis, and the effect size
expressed as relative risk (RR) with 95% confidence intervals
(CI) for categorical data and as weighted mean differences with
95% CI for continuous data. Outcome measures were pooled
using a random effect model to account for study-specific ef-
fects in measures. For all analyses, a two-sided P value < 0.05
was considered significant. If a study was missing data, we at-
tempted to contact the authors of the study for additional data.
If a reply from the authors was not obtained, we classified it
as missing data.

On days 1, 3, and 7 of mechanical ventilation, univariable
meta-regression analysis was performed to evaluate the associ-
ation of plateau pressure with mortality, with or without deter-
mining the cut-off values for the pressures (27 cm H,0, 30 cm
H,O and 32 cm H,0). These cut-off values were determined
by the authors of this review according to the data distribution
included in this review. Since the range of plateau pressures
included in this review was approximately from 25 cm H,O to
35 cm H,O, the cut-off values were set to these three plateau
pressures. The mean and standard deviation of plateau pres-
sure of each arm of the RCTs included in the analysis were the
independent variables and mortality was the dependent varia-
ble. Data expressed as the median and interquartile range were
converted to the mean and standard deviation values. Meta-
regression analysis was performed with R version 3.3.2.

Assessment of heterogeneity

The heterogeneity between trials for each outcome was assessed
with an I? statistic for quantifying inconsistency (RevMan). I?
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values of < 25%, 25-50% and > 50% represented small, me-
dium, and large amounts of heterogeneity, respectively [19].

Assessment of reporting bias

A funnel plot was planned to be used to investigate the pos-
sibility of publication bias if > 10 studies were available (Rev-
Man) [20].

Subgroup and sensitivity analyses

Subgroup analysis was conducted based on factors that may
cause heterogeneity, i.e., the cut-off values of plateau pres-
sure. Subgroup analysis was also performed for the different
time points (day 1, day 3, and day 7) that plateau pressure was
measured while the patient was undergoing MV.

For sensitivity analysis, we first excluded all studies as-
sessed as having a high risk of bias, i.e., when the quality of
evidence was assessed as “low” or “very low.” The remaining
studies were used for sensitivity analysis.

Results

Study selection

A comprehensive search across electronic databases yielded a
total of 2,975 citations (Fig. 1). After evaluation of the 2,975
citations, 99 references were evaluated in detail, and 28 were
included in the qualitative synthesis. After excluding studies
without detailed descriptions of plateau pressure, 14 studies
[1-4, 8, 21-29] were included in the final qualitative analysis

(Fig. 1).
Study characteristics

Trial protocols for each study eventually included in this me-
ta-analysis are summarized in Table 1 [1-4, 8, 21-29]. The to-
tal number of patients included in the quantitative analysis
was 4,984. The types of interventions and comparisons varied
among studies. Studies used different ventilator modes, such as
volume-controlled ventilation, pressure-controlled ventilation,
or airway pressure-release ventilation. The number of trials de-
signed to compare these strategies was five for tidal volume, one
for adaptive support ventilation, two for recruitment maneuver,
one for airway pressure-release ventilation, five for pressure-
controlled ventilation, and four for positive end-expiratory pres-
sure (PEEP) strategy. The risk of bias in the included studies is
shown here (Supplementary Material 2, www.jocmr.org).

Results of individual studies

Table 2 [1-4, 8, 21-29] summarizes the patient characteristics
and changes in respiratory variables (tidal volume, plateau
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Figure 1. Flow diagram (search, inclusion, and exclusion).

pressure, and PEEP) over the course of each trial during the
first 7 days after randomization. The reported daily values for
tidal volume, plateau pressure, and PEEP from day 1 to day 7
differed among the studies and ranged from 5.6 to 11.8 mL/kg/
predicted body weight for tidal volume, from 18.6 to 37.0 cm
H,O for plateau pressure and from 5.6 to 16.4 for PEEP. Based
on these results, we decided to use parameters on days 1, 3,
and 7 for the meta-analysis and meta-regression in this study
to include as many studies as possible.

Synthesis of results

For studies with no description or an inadequate description of
plateau pressure, which was essential for this meta-analysis,
we contacted the authors to obtain the necessary data. Two

Articles © The authors | Journal compilation © ] Clin Med Res and Elmer Press Inc™

studies [21, 24] for which the authors submitted their study
data were included in this meta-analysis, but the other stud-
ies for which no response was obtained from the authors were
excluded. For the assessment of reporting bias, we did not test
for funnel plot asymmetry as the number of studies included in
each outcome was less than 10.

Short-term mortality (main outcome and sensitivity analy-
sis)

Overall short-term mortality was significantly higher for pa-
tients with plateau pressures over 32 cm H,O during the first
3 days after ICU admission (day 1: RR, 0.77; 95% CI, 0.66 -
0.89; I> = 0%; day 3: RR, 0.76; 95% CI, 0.64 - 0.90; I? = 0%;
day 7: RR, 0.82; 95% CI, 0.65 - 1.04; I = 16%), but plateau
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Table 3. Effect Size of Short-Term Mortality According to Plateau Pressure on Day 1, 3, and Day7 at Selected Cut-Off Values

(T;’:lil(:;‘;il;zsﬂ) r:;:)::l(:w cutoff) ;l;)o\lel' zllitl)lftl?) ;I(;()wftzll" cutoff) RR 2ot Pvalue I

Day 1

27 cm H,0 805 2,003 813 1,957 0.99 0.86to 1.13 0.88 59%

30 cm H,0 379 1,024 378 988 1.00 0.78 to 1.28 0.99 69%

32 cm H,0 177 540 225 529 0.77 0.66 to 0.89 0.0007 0%
Day 3

27 cm H,0 352 966 356 930 0.96 0.72 to 1.27 0.75 76%

30 cm H,0 151 485 196 479 0.76 0.64 to0 0.90 0.002 0%

32 ecm H,0 151 485 196 479 0.76 0.64 to0 0.90 0.002 0%
Day 7

27 cm H,0 379 1,024 378 988 1.00 0.78 to 1.28 0.99 69%

30 cm H,O 174 516 205 513 0.95 0.69 to 1.31 0.76 55%

32 cm H,O 147 458 183 455 0.82 0.65 to 1.04 0.10 16%

Cl: confidential interval; RR: risk ratio.

pressures below 27 cm H,0O and 30 cm H,O were not asso-
ciated with an absolute risk reduction of short-term mortality
(Table 3, Supplementary Materials 3-5, www.jocmr.org).

Meta-regression analysis of short-term mortality

Since the results appeared to differ depending on the cut-off
values for the plateau pressure, the mortality at the plateau
pressure value was evaluated by meta-regression analysis. On
day 1, mortality tended to increase with an increase in pressure,
with significant differences observed for the plateau pressure.
However, on days 3 and 7, the trends showed no significant
difference (Fig. 2). Since significant differences were observed
for the plateau pressure on day 1 (B = 0.01 (95% CI, 0.002 -
0.024), P = 0.02), plateau pressure cut-off values of 27, 30,
and 32 cm H,O were assessed to determine the optimal cut-off
values, and regression analysis was performed. Plateau pres-
sure tended to be associated with increased mortality at pres-
sures above the cut-off values, especially above 27 cm H,0,
and there were no significant differences at pressures below
the cut-off values, regardless of the cutoff that was set (Fig. 3).
This indicates that when the plateau pressure was below any of
the three cut-off values, the mortality rate did not increase as
the plateau pressure increased, but plateau pressures above 27
cm H,O might affect the mortality rate. As a result, the cut-off
values above 27 cm H,O may affect the mortality rate. Multi-
variable meta-regression analysis was not performed because
there was no association between age and: acute physiology
and chronic health evaluation (APACHE) 2 scores and mortal-
ity rate using meta-regression analysis (Fig. 4).

Quality of evidence and sensitivity analysis

The quality of evidence for short-term mortality was evaluated

Articles © The authors | Journal compilation © ] Clin Med Res and Elmer Press Inc™

at each pressure and each cut-off value (data not shown). Sen-
sitivity analysis was not conducted because the quality of evi-
dence of none of the included studies was assessed as “low” or
“very low.”

Discussion
Summary of results of this review (or principal findings)

This systematic review, using a meta-regression analysis of 14
RCTs, suggests that the plateau pressure is associated with short-
term mortality, and that this association may continue up to the
first 3 days, not 1 week, after ICU admission. Optimal cut-off
values that can be suggested from the results of this meta-anal-
ysis are 27 cm H,O of plateau pressure from days 1 through 3.
To the best of our knowledge, this is the first systematic review
to compare the effects of plateau pressure, not only on the day of
ICU admission, but also several days after admission.

Summary of the evidence (possible mechanisms and differ-
ences from previous studies)

Many recent meta-analyses [30-33], as well as the paper by
Amato et al [34], evaluated pressures (plateau and driving
pressures) on day | or the average pressures for a few days
after starting MV. In these studies, the cut-off values for pla-
teau pressures that influenced an improvement in the prognosis
were approximately 30 cm H,O and 15 cm H,O. On day 1,
the plateau pressure identified in the present meta-analysis was
similar to the results of previous studies [9, 34, 35]. However,
no previous study compared the pressures up to days 3 and 7
with prognosis, and the influence of the pressures after initia-
tion of MV on the prognosis was unclear. The results of this
review show that the influence of the pressure on mortality

www.jocmr.org 57
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Figure 2. Univariable meta-regression analysis of the effect of plateau pressure on short-term mortality on days 1, 3 and 7. The
position of each circle represents the mortality rate (y-axis) and plateau pressure (x-axis) of each study arm, and circle size is
proportional to sample size. (a) Meta-regression analysis of the effect of plateau pressure on day 1 on short-term mortality, includ-
ing 14 studies and 28 study arms. Mean (SD) plateau pressure was 28.1 (3.7) cm H,0. (b) Meta-regression analysis of the effect
of plateau pressure on day 3 on short-term mortality, including 11 studies and 22 study arms. Mean (SD) plateau pressure was
25.5 (3.4) cm H,0. (c) Meta-regression analysis of the effect of plateau pressure on day 7 on short-term mortality, including 12
studies and 24 study arms. Mean (SD) plateau pressure was 25.8 (4.7) cm H,0. SD: standard deviation.

remains until day 3, and the effect tended to diminish by day
7.1t is an important clinical question whether a lung protective
strategy should be continued for a certain number of days. The
results of this meta-analysis and meta-regression have made it
possible to make a new suggestion regarding the duration of
lung protective strategies.

When considering the effect of MV pressure on patient
prognosis, it is important to recognize that MV pressure may
correlate with the prognosis. In meta-analyses and clinical re-
search reported so far [8, 9, 36, 37], the MV pressure, which
is a continuous variable, was converted into a binary variable
using a cut-off value to allow intergroup comparisons of its
influence on outcomes. Within each group, the effects of dif-
ferent pressures on the outcomes were not uniform and may
have had various degrees of correlation. Therefore, the effects
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of ventilator pressure on the prognosis could not be evaluat-
ed strictly from the results of previous clinical studies [8, 9].
To compensate for this weakness, we used a meta-regression
method that considered the ventilator pressure as a continuous
variable. The results on day 3 using the meta-regression analy-
sis in Figure 2 show a slightly different tendency compared
with the results obtained with the usual meta-analysis method,
in which pressure is converted into a binary variable and ana-
lyzed. By analyzing these pressures as a binary variable, the
result seemed to be either overestimated or underestimated.

Implications for each stakeholder

Accurate determination of the duration for which strict man-

www.jocmr.org
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Figure 4. Univariable meta-regression of age and APACHE 2 scores at the time of admission to the ICU on short-term mortality.
The position of each circle represents the mortality rate (y-axis) and plateau pressure (x-axis) of each study arm, and circle size
is proportional to sample size. (a) Meta-regression of age on short-term mortality, including 14 studies and 28 arms. Mean (SD)
age was 50.7 (8.5) years. (b) Meta-regression of APACHE 2 scores on short-term mortality, including eight studies and 16 arms.
Mean (SD) APACHE 2 score was 20.5 (3.9). SD: standard deviation; APACHE: acute physiology and chronic health evaluation.

agement of MV pressure contributes to improvement in out-
comes may facilitate MV management for physicians. If the
tidal volume and the plateau pressure are to be limited be-
low prespecified goals in the late phase of mechanical ven-
tilation, a substantial number of patients may be difficult to
reach the target tidal volume without sedation. For critical
care physicians, the duration of the lung protection strategy
is an essential, but unresolved question. Since the present
study suggests that a lung protection strategy may not need
to be followed in the later phase, clinicians may consider
earlier discontinuation of sedatives, which may allow for
earlier rehabilitation and, therefore, earlier liberation from
mechanical ventilation.

Limitations

There are several limitations of this meta-analysis. First, the
method used in this review is a meta-regression analysis,
but it is only one type of meta-analysis, and a multivariate
analysis was not performed by integrating individual data.
This may have led to over- or under-estimation of the original
results by summarizing the data for each individual partici-
pating in the study and then reintegrating it using the meta-
analysis method. Second, the present meta-analysis included
RCTs that compared plateau pressures but did not include
RCTs that compared driving pressure or transpulmonary
pressure. Recently, it was shown that driving pressure may
have a greater influence on patient prognosis than plateau
pressure [34]. However, a meta-analysis with a limited num-
ber of RCTs that compared the driving pressure has limited
value. Although a meta-analysis of RCTs [38, 39] that evalu-
ate transpulmonary pressure is worthy of consideration, a
comparison of plateau pressure was not performed in these
studies, but the superiority of a personalized ventilation strat-
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egy using transpulmonary pressure was assessed. Also, the
frequency of esophageal pressure measurements reported in
the Lung Safe Study [35] was 1.2%, suggesting that ventila-
tion strategy using transpulmonary pressure is not yet stand-
ard management. Third, the meta-regression analysis used in
this review is different from standard meta-regression that
investigates whether the difference in study characteristics
(e.g., age, time, and other such factors) may account for the
heterogeneity of effect size of each included study. The meth-
od of meta-regression analysis used in this review considered
each of the two study arms in RCTs as an individual group,
and the mortality ratio in each group, not effect size, was
used as the dependent variable. The mortality ratio in each
group was then evaluated by regression analysis. Although a
similar technique may be used for meta-regression analysis
of certain studies [40], the study results should be interpreted
with caution. Finally, in this meta-analysis, univariable meta-
regression analysis was conducted, not multivariable meta-
regression analysis because the possible confounding factors,
such as etiology of ARDS, could not be collected from the
data in each study. There may be several confounding factors
affecting mortality and plateau pressure, such as etiology of
ARDS and transpulmonary pressure, which were not consid-
ered in this meta-analysis, so the interpretation of the results
should not be exaggerated.

Conclusions

This review suggests that MV management, restricting pla-
teau pressure, for at least several days after hospitalization
may be critical for improving prognosis. According to this
meta-analysis, the optimal cut-off values for plateau pressure
are around 27 cm H,O. However, since this is a meta-analysis
with recognized limitations, it is necessary to conduct further

www.jocmr.org
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studies, including individual meta-analyses and large-scale
interventions.
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