
Copyright

Eur J Anaesthesiol 2021; 38:1274–1283
 ©

�
P
yC
D.
Bu
de
N.
On
St
H.

02
ORIGINAL ARTICLE
Association of early positive
 end-expiratory pressure
settings with ventilator-free days in patients with
coronavirus disease 2019 acute respiratory
distress syndrome

A secondary analysis of the Practice of VENTilation in
COVID-19 study

Christel M.A. Valk, Anissa M. Tsonas, Michela Botta, Lieuwe D.J. Bos, Janesh Pillay,

Ary Serpa Neto, Marcus J. Schultz, Frederique Paulus, Writing Committee for the

PRoVENT-COVIDM, Collaborative Groupy
BACKGROUND There is uncertainty about how much posi-
tive end-expiratory pressure (PEEP) should be used in
patients with acute respiratory distress syndrome (ARDS)
due to coronavirus disease 2019 (COVID-19).

OBJECTIVE To investigate whether a higher PEEP strategy
is superior to a lower PEEP strategy regarding the number of
ventilator-free days (VFDs).

DESIGN Multicentre observational study conducted from 1
March to 1 June 2020.

SETTING AND PATIENTS Twenty-two ICUs in The
Netherlands and 933 invasively ventilated COVID-19 ARDS
patients.

INTERVENTIONS Patients were categorised retrospectively
as having received invasive ventilation with higher (n¼259)
or lower PEEP (n¼674), based on the high and low PEEP/
FIO2 tables of the ARDS Network, and using ventilator
settings and parameters in the first hour of invasive ventila-
tion, and every 8 h thereafter at fixed time points during the
first four calendar days. We also used propensity score
matching to control for observed confounding factors that
might influence outcomes.
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MAIN OUTCOMES AND MEASURES The primary outcome
was the number of VFDs. Secondary outcomes included
distant organ failures including acute kidney injury (AKI) and
use of renal replacement therapy (RRT), and mortality.

RESULTS In the unmatched cohort, the higher PEEP strat-
egy had no association with the median [IQR] number of
VFDs (2.0 [0.0 to 15.0] vs. 0.0 [0.0 to 16.0] days). The
median (95% confidence interval) difference was 0.21
(�3.34 to 3.78) days, P¼0.905. In the matched cohort,
the higher PEEP group had an association with a lower
median number of VFDs (0.0 [0.0 to 14.0] vs. 6.0 [0.0 to
17.0] days) a median difference of �4.65 (�8.92 to �0.39)
days, P¼0.032. The higher PEEP strategy had associations
with higher incidence of AKI (in the matched cohort) and
more use of RRT (in the unmatched and matched cohorts).
The higher PEEP strategy had no association with mortality.

CONCLUSION In COVID-19 ARDS, use of higher PEEP
may be associated with a lower number of VFDs, and may
increase the incidence of AKI and need for RRT.

TRIAL REGISTRATION Practice of VENTilation in COVID-
19 is registered at ClinicalTrials.gov, NCT04346342.
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KEY POINTS

� In an unmatched cohort of COVID-19 ARDS

patients, a higher PEEP strategy did not have an

association with the number of VFDs; in a matched

cohort a higher PEEP strategy had an association

with a lower number of VFDs.

� In an unmatched cohort, a higher PEEP strategy

had an association with more use of RRT; in a

matched cohort, a higher PEEP strategy had an

association with a higher incidence of AKI and more

use of RRT.

� A randomised clinical trial is highly needed to

determine the effects of a higher PEEP strategy

versus a lower PEEP strategy on outcomes in
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patients with COVID-19 ARDS.
Introduction
In patients with acute respiratory distress syndrome

(ARDS), higher positive end-expiratory pressure (PEEP)

may prevent atelectasis, improve oxygenation and reduce

ventilator-induced lung injury.1 However, mortality ben-

efit was not found in three randomised clinical trials,2–4

and in one study, higher PEEP with aggressive recruit-

ment manoeuvres worsened outcome.5 A more recent

study suggests benefit from higher PEEP in patients with

‘recruitable’ lung tissue, but harm in patients who have

‘nonrecruitable’ lung lesions.6

Patients with ARDS due to coronavirus disease 2019

(COVID-19) typically suffer from severe and often refrac-

tory hypoxaemia, and have a low respiratory system

compliance.7–9 There is substantial debate as to whether

COVID-19 ARDS differs from ARDS from other

causes,10 and also whether COVID-19 patients have

‘recruitable’ or ‘nonrecruitable’ lung lesions.11,12 As

COVID-19 patients frequently have microthrombi and

pulmonary embolism as one other cause of hypoxaemia,13

a higher PEEP strategy may not necessarily correct

hypoxaemia, while it can increase the risks of barotrauma

and haemodynamic deterioration.14

It remains uncertain how much PEEP should be used in

COVID-19 ARDS patients. In the absence of randomised
 European Society of Anaesthesiology and Intensiv
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clinical trial evidence, it has been recommended to use

higher PEEP, according to the high PEEP/FIO2 table of

the ARDS Network.15–17 We undertook the ‘Practice of

VENTilation in COVID-19’ (PRoVENT-COVID) study

to investigate ventilation management over the first 4

calendar days of invasive ventilation, and epidemiological

characteristics and outcomes in invasively ventilated

COVID-19 ARDS patients in the Netherlands.18,19

The current analysis investigates the association of early

PEEP settings with outcomes, including duration of

invasive ventilation, distant organ failures and mortality.

We hypothesised that a higher PEEP strategy would be

superior to a lower PEEP strategy.

Methods
The PRoVENT-COVID study is an investigator-initi-

ated, multicentre, observational cohort study undertaken

in 22 ICUs in the Netherlands. The protocol including

the statistical analysis plan has been published18 and the

final protocol is available in Supplement 1, http://

links.lww.com/EJA/A591. A statistical analysis plan for

the current analysis was written before assessing the

database, which is available in Supplement 2, http://

links.lww.com/EJA/A591. Study sites were recruited

through direct contact by members of the steering com-

mittee of the PRoVENT-COVID study. Study coordi-

nators contacted the local doctors, trained data collectors

to assist the local doctors and monitored the study accord-

ing to the International Conference on Harmonisation

Good Clinical Practice guidelines. Integrity and timely

completion of data collection were ensured by the

study coordinators.

The study was conducted in accordance with the Decla-

ration of Helsinki and was registered at ClinicalTrials.gov

(trial identification number NCT04346342). The Insti-

tutional Review Board of the Amsterdam UMC (Location

AMC), Amsterdam, The Netherlands (Chairperson Prof

Dr J.A. Swinkels) approved the study protocol on 7 April

2020 (W20_157 # 20.171) and need for patient informed

consent was waived.

Patients
Consecutive patients aged at least 18 years were eligible

for participation in the PRoVENT-COVID study if they

were admitted to one of the participating ICUs and had

received invasive ventilation for COVID-19 ARDS. The

study itself had no exclusion criteria. For the current
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analysis, we excluded patients transferred from or to a

nonparticipating centre within the first 2 calendar days of

invasive ventilation, as it was impossible to collect venti-

lation variables, including early PEEP settings and other

parameters in the nonparticipating centres.

Patient characteristics and data regarding premorbid

conditions and medication were collected at baseline.

In the first hour of invasive ventilation and every 8 h

thereafter, at fixed time points during the first 4 calendar

days, ventilator settings and parameters were collected.

Thereafter, patients were categorised retrospectively as

having received invasive ventilation according to a

higher or lower PEEP strategy, using the high and low

PEEP/FIO2 tables of the ARDS Network. We used the

8-hourly collected PEEP/FIO2 combinations to classify

the applied PEEP strategy as ‘higher PEEP’ if it fitted

the high PEEP/FIO2 ARDS Network table, or as ‘lower

PEEP’ if it fitted the low PEEP/FIO2 ARDS Network

table. For combinations that did not fit in either table, we

classified them as follows: in case PEEP was higher than

in the high PEEP/FIO2 table, it was classified as higher

PEEP; in case PEEP was lower than in the high PEEP/

FIO2 table, it was classified as lower PEEP (see Supple-

mental eFigure 1, http://links.lww.com/EJA/A591).

Each patient was then categorised according to the

majority of the available PEEP/FIO2 combinations as

a higher PEEP or lower PEEP patient; the first available

PEEP/FIO2 combination, that is, directly after intuba-

tion and start of invasive ventilation, was not used for

patient categorisation.

Outcomes
The primary outcome was the number of days free from

invasive ventilation and alive at day 28 [ventilator-free

days (VFDs)], calculated from the moment of start of

invasive ventilation, even if the period of unassisted

breathing lasted longer than 24 consecutive hours and

considering the last date of successful extubation.

Patients who died within 28 days had 0 VFDs, even if

extubated before day 28. A day on noninvasive ventila-

tion (NIV) also counted in the number of VFDs.20

Secondary outcomes were acute kidney injury (AKI)

defined by ‘Kidney Disease: Improving Global Out-

come’21; use of renal replacement therapy (RRT) for

AKI; and mortality rates in the ICU, the hospital and

at 28 and 90 days. Other endpoints were duration of

invasive ventilation in survivors; ICU and hospital length

of stay; need for adjunctive treatments for refractory

hypoxaemia, including prone positioning, lung recruit-

ment manoeuvres, muscle paralysis and extracorporeal

membrane oxygenation in the first 4 calendar days of

invasive ventilation; the number of days with continuous

sedation, vasopressor or inotrope administration; occur-

rence of reintubation or tracheostomy; pneumothorax and

thromboembolic complications.
 © European Society of Anaesthesiology and Intensive 
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Statistical analysis
The amount of missing data was low for most of the

variables (Supplementary eTable 1, http://links.lww.-

com/EJA/A591). Continuous variables are presented as

median [IQR], and categorical variables as numbers and

percentages. The PEEP groups were compared using

Wilcoxon rank-sum test for continuous variables and

Fisher exact tests for categorical variables.

Ventilatory variables and parameters over the first 4

calendar days are presented in line plots. The trend over

time of ventilatory variables was assessed with mixed-

effect linear models with centre and patients treated as

random effects to account for clustering and repeated

measurements, and with PEEP strategy, time as a con-

tinuous variable, and an interaction of PEEP and time as

fixed effect. Overall P values from this analysis represent

the overall difference among groups over time and P
values from interaction represent a statistical assessment

of whether the trend over time differed among the

groups. All daily measurements of ventilatory variables,

collected every 8 h, were aggregated as the mean per day.

To further expand the analyses, the highest and lowest

values each day were also compared between the groups

using the same strategy. In addition, to compare variables

at each day, the collection day was entered as a categorical

variable in the model described above, and the P value for

the daily difference was extracted using pairwise com-

parisons after Bonferroni correction.

The primary analysis was based on the unmatched

cohort. The PEEP groups were compared for the primary

outcome using median differences and 95% confidence

intervals (CIs) from a mixed-effect quantile model con-

sidering T¼ 0.50 and an asymmetrical Laplace distribu-

tion. P values were extracted after 1000 bootstrap

samplings. Binary outcomes were compared using

mixed-effect logistic regression models and presented

as odds ratio and 95% CIs. ICU and hospital length of

stay, and 28-day and 90-day mortality, were compared

using a (shared-frailty) Cox proportional hazard model

and presented as hazard ratio and 95% CIs. The compar-

ison was presented graphically through Kaplan–Meier

curves. For the ICU and hospital length of stay analyses,

all patients who died prior to discharge were assigned the

maximum length of stay to account for death as a com-

peting risk in this model. The proportional hazard

assumption was assessed through Schoenfeld residuals.

Duration of invasive ventilation was compared through a

clustered Fine–Gray competing risk model, with death

before extubation treated as a competing risk, and pre-

sented as subdistribution hazard ratio and 95% CIs in

cumulative incidence plots. All models considered the

centre as a random effect.

The secondary analysis was based on the matched cohort.

A complete description is described in the Supplemen-

tary eMethods, http://links.lww.com/EJA/A591. We used
Care. Unauthorized reproduction of this article is prohibited.
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a covariate-balancing propensity score (CBPS) for match-

ing.22 The CBPS was estimated for each patient with

logistic regression using relevant prognostic variables.

The following baseline variables (measured at baseline

or within 1 h after intubation) were considered in the

matching process: age, sex, BMI, PaO2/FIO2, plasma

creatinine concentration, hypertension, diabetes, use of

angiotensin converting enzyme inhibitors, use of angio-

tensin II receptor blockers, use of a vasopressor or an

inotrope, fluid balance, pH, mean arterial pressure, heart

rate and respiratory system compliance. All variables

were selected a priori and based on clinical relevance

and known association with outcomes in this group

of patients.

All analyses were conducted in R v.4.0.2 (R Foundation,

Vienna, Austria) and significance level was set at 0.05.

Results
Study population
Thirty-one ICUs were invited to participate in the PRo-

VENT-COVID study, of which 22 met inclusion criteria.

From 1 March to 1 June 2020, 1340 patients were

screened. Final follow-up was completed on 1 September

2020. A total of 218 patients were not enrolled, of whom

62 (4.6%) had an alternative diagnosis, and 150 (11.1%)

never received invasive ventilation (Supplementary eFi-

gure 2, http://links.lww.com/EJA/A591). An additional

189 patients were excluded, mainly because they had

received invasive ventilation in a nonparticipating hospi-

tal in the first 4 calendar days of ventilation. Of the

enrolled 933 patients, 259 (27.8%) were categorised as

higher PEEP patients, and 674 (72.2%) as lower PEEP

patients. Of all patients, 468 could be matched, 234 (50%)

in the higher PEEP group and 234 (50%) in the lower

PEEP group. Details on the matching process are shown

in Supplementary eResults and eFigures 3 and 4, http://

links.lww.com/EJA/A591.

Figure 1, supplementary eFigure 1, eTable 2 and eFi-

gures 5 to 11, http://links.lww.com/EJA/A591 show

group assignment of patients in the unmatched and

the matched cohorts, and PEEP and FIO2. Table 1

shows the baseline characteristics of the PEEP groups

in the unmatched and matched cohorts. The main

difference between the two PEEP groups in the

unmatched cohort was ARDS severity. In the matched

cohort, the main difference was the proportion of

patients on inhaled steroids at baseline. Ventilation

management is detailed in Table 2, Supplementary

eTables 3 and 4, and eFigures 12 and 13, http://

links.lww.com/EJA/A591. Respiratory system compli-

ance was not different between the higher and lower

PEEP groups, neither in the unmatched nor in the

matched cohorts (eFigure 14). PaO2/FIO2 and plasma

creatinine concentration were higher in the higher

PEEP group; use of vasopressors, prone positioning,

daily urine output and fluid balance were not different
ht © European Society of Anaesthesiology and Intensiv
(Supplementary eFigures 15 to 17, http://links.lww.

com/EJA/A591).

Outcomes in the unmatched cohort and matched
cohort
Outcomes in the matched and unmatched cohorts are

summarised in Table 3, Fig. 2 and Supplementary eFi-

gure 18, http://links.lww.com/EJA/A591.

In the unmatched cohort, 28 days after the start of

invasive ventilation, patients in the higher PEEP group

had a median of 2 [IQR 0 to 15] VFDs compared with 0 [0

to 16] VFDs in the lower PEEP group [median difference

0.21 (95% CI �3.34 to 3.78) days, P¼ 0.905]. Patients in

the higher PEEP group needed RRT more often than

patients in the lower PEEP group. Mortality rates and

other endpoints were not different between the higher

and lower PEEP groups.

In the matched cohort, 28 days after the start of invasive

ventilation, patients in the higher PEEP group had

median of 0 [0 to 14] VFDs days compared with 6 [0

to 17] VFDs in the lower PEEP group [median difference

�4.65 (95% CI �8.92 to �0.39) days, P¼ 0.032]. Patients

in the higher PEEP group developed AKI and received

RRT more often than patients in the lower PEEP group.

Mortality rates and other endpoints were not different

between the higher and lower PEEP groups in the

matched cohort.

Discussion
The findings of this study can be summarised as follows:

in an unmatched cohort of COVID-19 ARDS patients, a

higher PEEP strategy had no association with the number

of VFDs but this strategy was associated with a greater

use of RRT; in a matched cohort, a higher PEEP strategy

was associated with a lower number of VFDs, more AKI

and a greater use of RRT; and neither in the unmatched

nor in the matched cohort did use of higher PEEP have

an association with mortality.

To our knowledge, this is the first study to investigate

associations between early PEEP settings and outcome in

COVID-19 ARDS patients using the ARDS Network

tables for patient classification. A composite endpoint was

chosen as the primary endpoint because it reflects dura-

tion of invasive ventilation in surviving patients, but also

mortality. The study was designed to minimise bias by

strictly adhering to a predefined statistical analysis plan,

and there was minimal loss to follow-up. The study

involved one-third of all COVID-19 ARDS patients

receiving invasive ventilation in the first months of the

national outbreak in the Netherlands, and patients were

enrolled in 22 university hospitals, nonuniversity teach-

ing and nonteaching hospitals, contributing to its gen-

eralisability. In addition, patients were enrolled in the

trial over a period of 3 months, during which general care

for COVID-19 patients did not change, that is, before
e Care. Unauthorized reproduction of this article is prohibited.
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Fig. 1 Group assignment, positive end-expiratory pressure and FIO2 in the higher (pink) and lower (green) positive end-expiratory pressure groups,
before (left panels) and after (right panels) matching. The figure shows the median, lowest and highest positive end-expiratory pressure and FIO2

values. Horizontal bars inside boxes represent medians; box tops and bottoms, interquartile ranges. Whiskers extend to 1.5 times the interquartile
range beyond the first and third quartiles per the conventional Tukey method. Circles represent means.
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Table 2 Ventilatory variables and rescue therapy at start of ventilation before and after matching

Unmatched cohort, nU933 Matched cohort, nU468

High PEEP,

nU259

Low PEEP,

nU674 SMD PM

High PEEP,

nU234

Low PEEP,

nU234 SMD PM

Ventilation support
Assisted ventilation 84/257 (32.7) 185/671 (27.6) 0.112 0.092 77/232 (33.2) 61/233 (26.2) 0.154 0.265
Tidal volume (ml kg�1 PBW) 6.4 [5.9 to 7.1] 6.5 [5.9 to 7.0] 0.043 0.296 6.4 [5.9 to 7.1] 6.4 [5.9 to 7.0] 0.028 0.642
PEEP (cmH2O) 14.2 [13.0 to 16.0] 12.0 [10.0 to 14.0] 0.911 <0.001 14.3 [13.0 to 16.0] 12.0 [10.1 to 14.0] 0.927 <0.001
Peak pressure (cmH2O) 28.0 [25.5 to 30.5] 26.0 [23.0 to 29.3] 0.391 <0.001 28.0 [25.5 to 30.5] 26.3 [23.0 to 29.5] 0.346 0.007
Driving pressure (cmH2O) 13.8 [12.0 to 15.7] 14.0 [11.9 to 16.2] 0.130 0.180 13.7 [11.8 to 15.5] 14.0 [11.5 to 16.7] 0.158 0.425
Mechanical power (J min�1) 19.4 [16.4 to 23.8] 18.0 [14.8 to 21.5] 0.294 0.009 19.4 [16.4 to 23.9] 18.2 [15.0 to 21.4] 0.267 0.061
Compliance (ml cmH2O�1) 33.5 [27.5 to 39.5] 33.1 [26.5 to 41.1] 0.037 0.807 33.7 [28.5 to 40.1] 33.8 [26.1 to 42.2] 0.007 0.924
Total respiratory rate (min�1) 21.7 [19.7 to 24.0] 21.5 [19.1 to 24.0] 0.027 0.835 21.7 [19.8 to 24.0] 21.5 [19.0 to 24.0] 0.087 0.480
FIO2 0.52 [0.45 to 0.63] 0.60 [0.50 to 0.70] 0.385 <0.001 0.53 [0.45 to 0.65] 0.57 [0.48 to 0.68] 0.163 0.079
etCO2 (kPa) 4.9 [4.4 to 5.6] 4.9 [4.3 to 5.5] 0.086 0.799 4.9 [4.4 to 5.6] 4.9 [4.3 to 5.5] 0.067 0.662
Fractional dead space, Enghoff 0.14 [0.07 to 0.23] 0.19 [0.10 to 0.29] 0.424 <0.001 0.15 [0.08 to 0.24] 0.18 [0.09 to 0.26] 0.225 0.063

Laboratory tests
pH 7.37 [7.32 to 7.41] 7.36 [7.30 to 7.40] 0.195 0.046 7.37 [7.32 to 7.40] 7.37 [7.32 to 7.41] 0.084 0.115
PaO2 (kPa) 11.5 [10.0 to 13.5] 10.7 [9.6 to 12.5] 0.267 <0.001 11.4 [9.9 to 13.1] 11.0 [9.7 to 13.1] 0.035 0.311
PaO2/FIO2 19.0 [14.2 to 25.7] 16.9 [12.7 to 22.3] 0.193 <0.001 17.9 [14.0 to 23.9] 18.2 [14.2 to 24.8] 0.083 0.587
PaCO2 (kPa) 5.7 [4.9 to 6.3] 6.0 [5.3 to 6.7] 0.319 0.004 5.8 [5.1 to 6.4] 5.8 [5.2 to 6.4] 0.060 0.730
Lactate (mmol l�1) 1.1 [0.9 to 1.4] 1.2 [0.9 to 1.5] 0.151 0.073 1.1 [0.9 to 1.4] 1.2 [1.0 to 1.4] 0.150 0.132
Creatinine (mmol l�1) 74.0 [62.8 to 93.5] 74.0 [61.0 to 97.0] 0.013 0.961 76.0 [64.0 to 96.2] 74.0 [63.0 to 95.2] 0.070 0.658

Rescue therapy
Prone positioning 58 (22.9) 231 (34.8) 0.265 0.048 55 (24.0) 75 (32.8) 0.195 0.175
Duration (ha) 8.0 [5.0 to 12.0] 8.0 [4.0 to 14.0] 0.169 0.739 8.0 [6.0 to 12.0] 9.0 [4.0 to 14.0] 0.143 0.651

Recruitment manoeuvre 5 (2.6) 15 (2.7) 0.007 0.964 5 (2.9) 5 (2.6) 0.018 0.903
ECMO 0 (0.0) 0 (0.0) <0.001 0.999 0 (0.0) 0 (0.0) <0.001 0.999
Use of NMBA 77 (30.0) 175 (26.0) 0.088 0.111 75 (32.2) 59 (25.2) 0.155 0.052

Hours of usea 0.0 [0.0 to 8.0] 0.0 [0.0 to 8.0] 0.046 0.241 0.0 [0.0 to 8.0] 0.0 [0.0 to 6.0] 0.085 0.101

Data are median [IQR] or number (%). Percentages may not total 100 because of rounding. ECMO, extracorporeal membrane oxygenation; NMBA, neuromuscular
blocking agent; PBW, predicted body weight; PEEP, positive end-expiratory pressure; SMD, standardised mean difference. a In patients who received it. M Calculated
using pairwise contrasts in a mixed-effect generalised linear model with day, group and an interaction day group as fixed effect, and with patients and centre as random
effect. A binomial distribution was used for binary variables and a Gaussian distribution for continuous.
treatment with dexamethasone became standard prac-

tice. As such, the findings of this study extend our

understanding of the effects of higher PEEP in ARDS

patients in general,2–5 and in COVID-19 ARDS

in particular.

The, at times, extreme hypoxaemia may have triggered

the use of higher PEEP in COVID-19 ARDS patients.

Early in the global pandemic, it was presumed that there

could be two phenotypes of COVID-19 ARDS, with

different pulmonary compliances and shunt fractions,

and also dissimilarities in recruitability. However, in

the current cohort, respiratory system compliance was

consistently low,20 in line with the findings in other

studies.7,23,24 Furthermore, it has been shown that

recruitment manoeuvres neither reduced shunt fraction

nor increased systemic oxygenation.25 Of note, PEEP in

the lower PEEP group in our study was higher than that

in one large observational study in patients with ARDS

from another origin,26 and also higher than in various

studies in patients with ARDS related to COVID-

19.7,23,24,27 By now, this preference for higher PEEP

may have waned for two reasons; healthcare providers

may have realised increasingly that higher PEEP may not

improve oxygenation, at least not in all patients, and that

other measures such as prone positioning are more effec-

tive in achieving this goal. Also, it may be that healthcare
 © European Society of Anaesthesiology and Intensive 
Eur J Anaesthesiol 2021; 38:1274–1283
providers increasingly accept lower oxygen levels, realis-

ing that any attempt to ‘normalise’ physiology as much as

possible could come at the cost of harm. One recent

report even suggests that higher PEEP should be

avoided, limiting PEEP strictly to values necessary to

maintain sufficient oxygenation.28 Prospective interven-

tional studies remain needed to determine the best

PEEP strategy in COVID-19 ARDS.

Invasive ventilation with higher PEEP was associated

with higher incidences of AKI and use of RRT. In

critically ill patients, invasive ventilation is associated

with an increased risk of AKI, but it is uncertain if the

amount of PEEP modifies this risk.29 Higher PEEP may

affect kidney function by reducing renal perfusion or

increasing venous congestion through its effects on the

heart.30 The need for RRT for AKI increases workload

and costs31 and is associated with worse outcomes.32 In

addition, in COVID-19 patients, efficient RRT is ham-

pered by the high occurrence of circuit thrombosis,33–36

leading to long down-times. Last but not least, due to the

overwhelming numbers of COVID-19 patients and the

frequent need for replacement of clotted circuits, many

ICUs could quickly run out of the medical supplies

needed for this therapy.

All models considered the centres as a random effect to

account for the clustering of the patients within centres.
Care. Unauthorized reproduction of this article is prohibited.
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Fig. 2 Mortality and pattern of extubation in the higher (pink) and lower (green) positive end-expiratory pressure groups, before (left panels) and after
(right panels) matching. HR, hazard ratio.
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It was not our plan to compare PEEP level across centres

or the reason why centres were not included as a fixed

effect. While differences in PaO2/FIO2 between the

groups in the matched cohort may suggest differences

in disease severity, matching was also based on Sequen-

tial Organ Failure Assessment and Acute Physiology and

Chronic Health Evaluation-II or IV scores, making it very

unlikely that patients in the higher PEEP group were

sicker than patients in the lower PEEP group. Of note,

the standardised mean difference was higher than 10%

for some variables, but if stricter calipers were used, the

groups became too small to provide meaningful analysis.

While in the unmatched cohort there was no difference in

steroid use at baseline, after matching there was a differ-

ence in use of inhalational steroids between the two

PEEP groups.

The PRoVENT-COVID study had limitations. We did

not collect data regarding the degree to which local

protocols for prone positioning and lung recruitment

were in place, or whether other treatments, such as

antiviral or antimalarial treatments, were used. How-

ever, none of the randomised clinical trials of these

treatments showed an effect on the two components of

the primary outcome used in the current study. We also

did not collect reasons for changes in PEEP settings,

which could have been based on changes of PaO2 or

SpO2, responses to therapies such as prone positioning,

or haemodynamic side effects such as hypotension.

Recruitment manoeuvres were used infrequently, but
 © European Society of Anaesthesiology and Intensive 
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it is possible that this was reported incompletely in the

patient records, and therefore could not be captured in

retrospect. Ventilation variables and adjunctive treat-

ments data were collected for the first 4 calendar days of

invasive ventilation, to keep the workload of the study

acceptable. We cannot exclude, however, that ventila-

tion practices and use of adjunctive treatments beyond

day 4 also have an impact on outcome. It is not implau-

sible that concerns about aerosol formation and spread-

ing, for example, with use of NIV, influenced decisions

on extubation. If this happened, however, it probably

affected duration of invasive ventilation in both groups

but it does hamper generalisation to cohorts of ARDS

patients in which there is less concern about the risk of

infection of personnel. Because it is common practice to

extubate at lower PEEP, use of higher PEEP at least in

theory could also delay weaning, thus reducing the

number of VFDs. Finally, due to the observational

nature of the study, no causal relationship can be

determined and the findings should be seen only as

exploratory and can only provide the statistical under-

pinning and rationale for further investigations.

In conclusion, in COVID-19 ARDS patients, a higher

PEEP strategy may reduce the number of VFDs and

increase the incidences of AKI and use of RRT. A

randomised clinical trial in patients with COVID-19

ARDS is needed to better define the effects of a higher

PEEP strategy versus a lower PEEP strategy

on outcomes.
Care. Unauthorized reproduction of this article is prohibited.
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