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ARTICLE INFO ABSTRACT

Available online xxxx Purpose: To investigate the possible association between ventilatory settings on the first day of invasive mechan-
ical ventilation (IMV) and mortality in patients admitted to the intensive care unit (ICU) with severe acute respi-

Keywords: ratory infection (SARI).

Airway pressures Materials and methods: In this pre-planned sub-study of a prospective, multicentre observational study, 441 pa-

ARDS o tients with SARI who received controlled IMV during the ICU stay were included in the analysis.

Mechanical ventilation Results: ICU and hospital mortality rates were 23.1 and 28.1%, respectively. In multivariable analysis, tidal volume

gfizau pressure and respiratory rate on the first day of IMV were not associated with an increased risk of death; however, higher

Pheumonia driving pressure (DP: odds ratio (OR) 1.05; 95% confidence interval (CI): 1.01-1.1, p = 0.011), plateau pressure

(Pplat) (OR 1.08; 95% CI: 1.04-1.13, p < 0.001) and positive end-expiratory pressure (PEEP) (OR 1.13; 95% CI:
1.03-1.24, p = 0.006) were independently associated with in-hospital mortality. In subgroup analysis, in hypox-
emic patients and in patients with acute respiratory distress syndrome (ARDS), higher DP, Pplat, and PEEP were
associated with increased risk of in-hospital death.
Conclusions: In patients with SARI receiving IMV, higher DP, Pplat and PEEP, and not tidal volume, were associated
with a higher risk of in-hospital death, especially in those with hypoxemia or ARDS.
© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Mechanical ventilation has been recognized as a possible cause of
lung damage [1,2]. The initial injury to the lung parenchyma is mechan-
ical and leads to a non-physiological distortion of the extracellular ma-
trix of the lung [3], activating a biological inflammatory response and
promoting so-called “ventilator induced lung injury (VILI)” [1]. The
benefits and harms of mechanical ventilation depend not only on the
adjustment of ventilatory parameters, such as tidal volume (Vt), posi-
tive end-expiratory pressure (PEEP), respiratory rate, and inspiratory
airflow, but also on the interpretation of ventilator-derived parameters,
such as peak (Ppeak), plateau (Pplat) and driving pressures, which may
be useful to guide ventilatory strategies [4].

To minimize VILI, a lung-protective ventilation strategy is recom-
mended in patients with acute respiratory distress syndrome (ARDS)
[5-10]. However, even when receiving lung protective ventilation, pa-
tients with ARDS may remain exposed to forces that can induce VILI
[11-13]. In an analysis of individual data from 3562 patients with
ARDS enrolled in nine randomized controlled trials (RCTs), Amato
et al. showed that driving pressure, calculated as the difference between
Pplat and PEEP, was the variable that correlated best with survival [14].
Alarge observational study showed that patients with moderate and se-
vere ARDS had increased hospital mortality if the driving pressure was
>14 cmH,0 [15]. The possible impact of driving pressure on outcome
in patients without ARDS is still uncertain [13].

Severe acute respiratory infection (SARI), defined by the World
Health Organization as an acute respiratory illness of recent onset
(within 7 days) that includes fever (238 °C), cough, and dyspnoea, is a
common cause of admission to the intensive care unit (ICU) and is asso-
ciated with considerable morbidity and high mortality rates [16]. Inva-
sive mechanical ventilation (IMV) is frequently required in these
patients; however, the impact of ventilator settings on outcomes has
not been investigated.

In this sub-study of the Intensive Care Global Study on Severe Acute
Respiratory Infection (IC GLOSSARI) [16], we investigated the possible
association between ventilatory settings on the first day of ventilation
and mortality in critically ill patients admitted to the ICU with SARI.
Our hypothesis was that ventilator settings would have an impact on
outcome in patients with SARI, especially those with higher disease
severity.

2. Methods

This study was a pre-planned analysis of the IC-GLOSSARI, a pro-
spective, multicentre, 14-day inception cohort study. Participation was
voluntary, with no financial incentive. Institutional review board
approval was obtained by the participating institutions according to
local ethical regulations. Informed consent was not obtained due to
the observational and anonymous nature of data collection. A list of con-
tributing centers is provided in the Appendix 1.

Full details of study design and data collection have been reported
elsewhere [16] and are briefly described in Box 1 in the Supplementary
material. Patients were followed up for vital status in-hospital until ICU
discharge, death, or for a maximum of 60 days, whichever occurred first.

In this sub-study, we included only patients with SARI who received
controlled IMV during the ICU stay, defined as ventilation through an ar-
tificial airway (endotracheal or tracheostomy tube) using controlled
modes of mechanical ventilation (excluding continuous positive airway
pressure (CPAP), pressure support, or spontaneous breathing).

2.1. Data collection

Data were collected using a secure internet-based platform. Admis-
sion parameters included demographics, comorbid diseases, clinical
and laboratory data to calculate the Simplified Acute Physiology Score
(SAPS) 11 [17], and ventilatory parameters. Organ function was
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evaluated daily using the Sequential Organ Failure Assessment (SOFA)
score [18]. After the day of admission, ventilatory parameters were
recorded daily in the morning at a standard time for each ICU
(6:00-8:00 AM).Daily data collection was continued for 28 days follow-
ing admission to the ICU or until ICU discharge or death. Further details
are presented in Box 1 of the Supplementary material.

2.2. Definitions

Infection was defined according to the definitions of the Interna-
tional Sepsis Forum [19]. Organ failure was defined as a SOFA score > 2
for the organ in question. Hospital-acquired SARI was defined as the de-
velopment of SARI 48 h or more after hospital admission [20]. Patients
with healthcare-related SARI were defined according to the criteria
listed in Box 1 of the Supplementary material. Patients were classified
as having community-acquired SARI if they did not fit the criteria for
healthcare-related or hospital-acquired SARI. ARDS was defined accord-
ing to the Berlin definitions [21].

We calculated driving pressure as the difference between Pplat and
PEEP. In the absence of Pplat, Ppeak was used. The predicted body
weight in kg of male patients was calculated as equal to 50 + 0.91
(height in centimeters - 152.4) and that of female patients as equal to
45.5 + 0.91 (height in centimeters - 152.4) [5].

2.3. Outcome parameters

The primary outcome parameter was in-hospital mortality within
60 days of admission to the ICU. Secondary outcome parameters in-
cluded death in the ICU, lengths of stay (LOS) in the ICU and hospital,
and organ failure as assessed by the SOFA score.

24. Statistical analysis

Data were analyzed using IBM® SPSS® Statistics software, version
22 for Windows. The Kolmogorov-Smirnov test was used to verify the
normality assumption of continuous variables. Difference testing be-
tween groups was performed using Student's t-test, Mann-Whitney
test, Chi-square test, or Fisher's exact test, as appropriate.

To evaluate the possible association between ventilatory parameters
and outcome, we performed a multivariable logistic regression analysis
with in-hospital death as the dependent variable. Covariates to be in-
cluded in the final models were determined from a univariate logistic
regression analysis (p < 0.2) of demographic variables (age and sex),
comorbid conditions, adequacy of initial antibiotics, severity scores on
admission to the ICU (SAPS Il and SOFA scores), severity of respiratory
failure according to the PaO,/FiO, ratio on the first day of mechanical
ventilation, Vt and respiratory rate. Collinearity between variables was
ruled out before covariates were introduced in the model. Goodness of
fit was tested using a Hosmer and Lemeshow test, and odds ratios
(OR) with 95% confidence interval (CI) were computed. Because
driving pressure, Pplat, Ppeak, and PEEP are mathematically linked
and were confirmed to be collinear (R? > 0.6, variance inflation fac-
tor > 5, pairwise), we constructed separate logistic regression models
for each parameter including the previously mentioned parameters.
The multivariable models were also adjusted for geographic region.

To further explore the effect of driving pressure, Pplat, and PEEP on
outcome, multivariable logistic regression analyses were performed
with in-hospital death as the dependent variable within subgroups of
patients classified according to the median value of driving pressure,
Pplat, PEEP, Vt, Pa0O,/FiO,, and the presence or not of ARDS on the first
day of mechanical ventilation. Covariates considered for these analyses
were SAPS Il score, age, and the degree of hypoxia as assessed by the
Pa0,/FiO, ratio. Driving pressure, Pplat, and PEEP were included sepa-
rately in the multivariable models for each subgroup due to
multicollinearity.
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Data are presented as means with standard deviation, medians, and
interquartile ranges (IQR), or counts and percentages (11, %). All statistics
were two-tailed and a p value <0.05 was considered significant.

3. Results

A total of 206 ICUs from 42 countries, mostly in Western Europe,
contributed to the study. Of 663 patients admitted with SARI, 369
(55.7%) required controlled IMV on the day of admission to the ICU
and 72 (10.8%) required controlled IMV later during the ICU stay
(Table S1, Supplementary material). Other respiratory support thera-
pies are shown in Table S1 of the Supplementary material.

3.1. Characteristics of the study group

The characteristics of patients with SARI requiring controlled IMV at
any time during the ICU stay (n = 441) are shown in Table 1. The mean
SAPSII and SOFA scores on admission to the ICU were 53.7 (SD: 18.8)
and 7.4 (SD: 4.3), respectively. Pneumonia was most commonly com-
munity acquired (66.1%). Baseline characteristics and outcomes of the
patients varied across geographical areas (Table S2, Supplementary ma-
terial). On ICU admission, 27.6% (n = 119) of the patients had ARDS. Se-
vere ARDS occurred in 20.9% of patients (n = 90) at some time during
the ICU stay. The most prevalent mode on the first day of ventilation
was pressure-controlled ventilation (PCV; n = 187 [42.4%]). Prone posi-
tioning was used in 17 (3.9%) patients, inhaled nitric oxide in 10 (2.3%)
and extracorporeal membrane oxygenation (ECMO) in 4 (0.9%)
(Table S3, Supplementary material). Ventilatory settings are shown in

Table 1
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Table S3 of the Supplementary material. The distribution of Pplat ac-
cording to Vt is shown in Figure S1in the Supplementary material and
was similar in patients with and without ARDS on the first day of con-
trolled IMV.

3.2. Morbidity and mortality

Overall ICU and hospital mortality rates were 23.1 and 28.1%, respec-
tively. The median ICU and hospital LOS were 7 (3-14) and 14 (7-25)
days, respectively. The most common non-respiratory organ failures
on admission or at any time during the ICU stay were cardiovascular
and renal failure (Table S4, Supplementary material).

Non-survivors (n = 124) were older than survivors, had greater
SAPS Il and SOFA scores on admission to the ICU, were more frequently
male, and were more likely to have cancer, be immunosuppressed, and
have received inadequate initial antibiotics (Table 1). Non-respiratory
organ failure and severe ARDS were more common during the ICU
stay in non-survivors than in survivors (Table S4, Supplementary
material). Hospital LOS was longer in survivors than in non-survivors
(17 [9-28] vs. 8 [2-17.5] days, p < 0.001).

3.3. Ventilatory parameters and outcome

On the first day of IMV, non-survivors received higher levels of FiO,
and PEEP, and had higher respiratory rates than survivors (Table S3,
Supplementary material). Vt values were similar in survivors and non-
survivors. Airway pressures on the first day of mechanical ventilation
were higher in non-survivors than survivors. ICU and hospital mortality

Basic characteristics of patients with severe acute respiratory infection (SARI) requiring controlled invasive mechanical ventilation, according to in-hospital survival status.

All patients Alive Dead p value
(n = 441) (n =297) (n = 124)
Age, years, mean + SD 629 + 16.2 61.5 + 16.3 66.9 + 15 0.001
Male, n (%) 260 (59.1) 165 (55.6) 83 (67.5) 0.024
SAPS II, mean + SD 53.7 + 18.8 49.8 + 159 64.18 + 20.8 <0.001
SOFA score, mean + SD 74 + 43 6.6 + 3.8 9.5 + 4.6 <0.001
Acquisition of pneumonia, n(%) 0.570
Community-acquired 290 (66.1) 201 (68.1) 78 (62.9)
Healthcare-related 58 (13.2) 37 (12.5) 19 (15.3)
Hospital-acquired 91 (20.7) 57 (19.3) 27 (21.8)
Comorbid conditions, n(%)
Smoking 196 (44.4) 134 (45.1) 52 (41.9) 0.549
COPD 126 (28.6) 92 (31.0) 30(24.2) 0.162
Diabetes mellitus 123 (27.9) 85 (28.6) 31 (25) 0.449
Insulin dependent 45 (10.2) 34 (11.4) 11 (8.9) 0435
Non-insulin dependent 78 (17.7) 51(17.2) 20(16.1) 0.795
Congestive heart failure 76 (17.2) 47 (15.8) 22 (17.7) 0.628
NYHA I-1I 47 (10.7) 32 (10.8) 11 (8.9) 0.557
NYHA III-IV 29 (6.6) 15 (5.1) 11 (8.9) 0.138
Coronary heart disease 74 (16.8) 47 (15.8) 22 (17.7) 0.628
Chronic renal failure 64 (14.5) 36 (12.1) 24 (19.4) 0.053
With dialysis 17 (3.9) 11 (3.7) 6 (4.8) 0.590
Without dialysis 47 (10.7) 25 (8.4) 18 (14.5) 0.060
Liver disease 19 (4.3) 11 (3.7) 6(4.8) 0.590
Asthma 30 (6.8) 25 (8.4) 4(3.2) 0.055
Cancer 62 (14.1) 35(11.8) 25(20.2) <0.001
Metastatic 17 (3.9) 7(2.4) 10(8.1) 0.007
Non metastatic 45 (10.2) 28 (9.4) 15 (12.1) 0.410
Hematologic cancer 30 (6.8) 7 (2.4) 21(16.9) <0.001
Immunosuppression 56 (12.7) 27 (9.1) 26 (21.0) 0.001
Cerebrovascular disease 51(11.6) 31(104) 16 (12.9) 0.464
Chemotherapy 34 (7.7) 14 (4.7) 18 (14.5) 0.001
Previous corticosteroid use 95 (21.5) 58 (19.5) 36 (29.0) 0.033
HIV 6(1.4) 3(1.0) 3(24) 0.698
Alcohol abuse 51 (11.6) 38 (12.8) 9(7.3) 0.100
Antibiotic adequacy, n (%) 327 (74.1) 234 (78.8) 81 (65.3) 0.004

Missing values: Age:1, Sex:1, acquisition of pneumonia:2.

COPD: Chronic obstructive pulmonary disease; HIV: human immunodeficiency virus; SAPS: Simplified Acute Physiology Score; SD: standard deviation; SOFA: Sequential Organ Failure

Assessment; NYHA: New York Heart Association.
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rates increased with higher quartiles of Ppeak and Pplat and were
higher in patients who required PEEP >7cmH,0 or driving pressures
>22 ¢cmH,0 (Fig. S2, Supplementary material). ICU and hospital mortal-
ity rates were similar across quartiles of Vt (Fig. S3, Supplementary ma-
terial). The PaO,/FiO, ratio was lower and PCO, higher in non-survivors
than in survivors (Table S3, Supplementary material).

3.4. Multivariable and subgroup analyses

In the multivariable analyses with in-hospital death as the depen-
dent variable, older age, higher SAPS Il and SOFA scores on admission
to the ICU, hematologic malignancy, and immunosuppression were in-
dependently associated with an increased risk of in-hospital death
(Table 2). Adequate initial antibiotics and greaterPaO,/FiO, ratio were
independently associated with a lower risk of in-hospital death. Vt
and respiratory rate were not associated with the risk of in-hospital
death in these patients; however, higher driving pressure, Pplat, Ppeak
and PEEP were independently associated with in-hospital death.

On the first day of controlled IMV, driving pressure was indepen-
dently associated with a higher risk of in-hospital death in patients
with high Pplat (>21 cmH;0), high PEEP (>7 cmH,0), and high Vt
(>8.9 ml/kg) (Fig. 1). Pplat was independently associated with a
higher risk of in-hospital death for all levels of Vt and driving pressure
(Fig. 2). High PEEP levels were associated with a higher risk of

Table 2
Summary of logistic regression analysis with in-hospital death as the dependent variable*,
0Odds ratio(95%CI) p value
Age, per year 1.03 (1.01-1.05) 0.004
Sex, female 0.62 (0.33-1.16) 0.142
SAPS 11, per point 1.02 (1.01-1.04) 0.001
SOFA score, per point 1.10 1.03-1.18 0.003

Comorbid conditions
COPD
NYHAIII - IV
CRF -without dialysis

0.70 (0.35-1.39) 0.315

1.27 (0.38-4.25) 0.694

2.28 (0.94-5.53) 0.066
)

Metastatic cancer 1.29 (0.35-4.69 0.693
Asthma 0.12 (0.01-1.05) 0.056
Hematologic cancer 8.17 (1.89-35.30) 0.005
Immunosuppression 2.46 (1.07-5.63) 0.033
Alcohol abuse 0.64 (0.24-1.69) 0.374
Adequacy of initial antibiotics 0.32 (0.17-0.62) 0.001
ARDS on admissionf
Mild ARDS 2.43 (0.70-8.43) 0.161
Moderate ARDS 0.46 (0.17-1.20) 0.115
Severe ARDS 1.33(0.51-3.48) 0.557
Ventilatory settings on the first day of invasive mechanical ventilation
Respiratory rate, per 1 bpm 1.00 (0.97-1.02) 0.985
Tidal volume, per 1 ml/kg 0.90 (0.79-1.04) 0.109
Driving pressure, per 1 cmH,0f 1.05 (1.01-1.09) 0.011
PEEP, per 1 cmH,0f 1.13 (1.03-1.24) 0.006
Peak pressure, per 1 cmH,0f 1.05 (1.01-1.10) 0.004
Plateau pressure, per 1 cmH,0% 1.08 (1.04-1.13) <0.001
Pa0,/FiO, ratio, per 1 mmHg 0.99 (0.98-0.99) 0.005

SAPS II: Simplified Acute Physiology Score; SOFA: Sequential Organ Failure Assessment;
CRF: chronic renal failure; COPD: chronic obstructive pulmonary disease; ARDS: acute re-
spiratory distress syndrome; PEEP: positive end-expiratory pressure.

T With No-ARDS as the reference category.

I Introduced alternately in different multivariable models due to collinearity.

* Adjusted for geographic region. Covariate inclusion in the final models was based on a
univariate logistic regression analysis (p < 0.2) within the categories demographic vari-
ables (age and sex), comorbid conditions, adequacy of initial antibiotics, severity of respi-
ratory failure according to the PaO,/FiO, ratio on the first day of mechanical ventilation, in
addition to tidal volume and respiratory rate. The displayed values refer to those
considered in the model which includes the driving pressure as a covariate (Hosmer &
Lemeshow goodness of fit Chi square: 4.28, p = 0.831; Nagelkerke's R? = 0.449).
Changes in the pressure parameters () did not influence the significant p values of the
other covariates. Patients who were excluded from the multivariable analysis due to
missing variables (n = 162) had similar severity of respiratory failure as assessed by the
Pa0,/FiO, ratio on the first day of mechanical ventilation and similar mortality rates
compared to those who were included in the analysis.
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f 0Odds ratio p value
Pplat, cmH20 '
>21 | —— 1.06 (1.01-1.12) 0.030
<21 —_—— 0.99 (0.93-1.06) 0.787
Tidal volume, mL/Kg .:
>89 | —— 1.07 (1.02-1.13) 0.006
<89 —_— 1.01 (0.97-1.07) 0.444
PEEP, cmH20
>7 | e—— 1.06 (1.01-1.11) 0019
<7 —_— 1.04 (0.98-1.09) 0.164
H
H
Pa02/FiO2 H
>228 —_— 1.03 (0.98-1.08) 0.194
<228 H 1.07 (1.02-1.12) 0.006
| ——
H
|
e —_— 1,02 (0.98-1.08) 0276
1
Yes : 1.06 (1.01-1.11) 0,010
:
09 1 11 12
Higher DP Higher DP

better worse

Fig. 1. Adjusted odds ratio of in-hospital death per 1 cmH,0 increase in driving pressure
(DP) within subgroups of patients classified according to the median value of plateau
pressure (Pplat), positive end-expiratory pressure (PEEP), tidal volume, PaO2/Fi02, and
the presence or absence of acute respiratory distress syndrome (ARDS) on the first day
of mechanical ventilation. Adjustment was made for simplified acute physiology score
(SAPS 1I) score, age, and the degree of hypoxemia as assessed by the PaO,/FiO, ratio.

. Odds ratio p value
Driving pressure, cmH20 1
>18 3 —_— 1.08 (1.02-1.14) 0.004
<18 | —— 1.10 (1.01-1.19) 0.015
|
Tidal volume, mL/Kg s
>89 :_‘_ 1.07 (1.01-1.13) 0.011
<89 | —— 1.08 (1.02-1.15) 0.009
i
PEEP, cmH20
>7 ' — 1.10 (1.04-1.17) <0.001
<7 | —_— 1.03 (0.97-1.10) 0.246
] |
PaO2/Fi02
>228 _—— 1.05 (0.99-1.11) 0.066
<228 : B ——— 111 (1.05-1.18) <0.001
H
ARDS
No —— 1.04 (0.99-1.10) 0.089
Yes H —_— 1.12 (1.06-1.19) <0.001
!
09 1 1.1 12
Higher Pplat Higher Pplat worse

better

Fig. 2. Adjusted odds ratio of in-hospital death per 1 cmH,0 increase in plateau pressure
within subgroups of patients classified according to the median value of driving
pressure, positive end-expiratory pressure (PEEP), tidal volume, PaO2/Fi02, and the
presence or absence of acute respiratory distress syndrome (ARDS) on the first day of
mechanical ventilation. Adjustment was made for simplified acute physiology score
(SAPS 1I) score, age, and the degree of hypoxia as assessed by the PaO,/FiO, ratio.

in-hospital death in patients with high driving pressure, high Pplat,
low Vt, and irrespective of the presence of ARDS (Fig. 3).

In subgroup analysis, higher driving pressure, Pplat, and PEEP were
associated with a higher risk of in-hospital death in hypoxemic patients
(Pa0,/Fi0; ratio < median value of 228) and in patients with ARDS
(Figs. 1-3).

4. Discussion

The main findings of our study were that in patients with SARI who
required controlled IMV in the ICU,1) higher pressures on the first day of
mechanical ventilation but not Vt were independently associated with
in-hospital death;2) the impact of driving pressure was confirmed
only in patients with high airway pressures (Pplat and PEEP) and
those with high Vt; 3) Pplat was independently associated with an in-
creased risk of in-hospital death irrespective of Vt and driving pressure
and in patients with high PEEP levels; and 4) in hypoxemic patients and
patients with ARDS, higher driving pressure, Pplat, and PEEP were asso-
ciated with an increased risk of in-hospital death.
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Odds ratio (95% IC) p value

Driving pressure, cmH,0
28 1.23 (1.09-1.39)
1.13 (1.00-1.27)

0.001

<18 —_— 0042

Tidal volume, mL/Kg
>89 1.10 (0.98-1.23)
1.19 (1.05-1.35)

0.080
<89 0.006
Pplat, cmH,0

-51 118 (1.06-1.32)
0.96 (0.80-1.15)

0.002

21 0961

Pa0,/FiO.
228 106 (0.94-1.20)
1.22 (1.08-1.38)

0.279
0.001

1.15 (1.01-1.32)
1.17 (1.05-1.30)

0.033
0.003

Higher PEEP
better

Higher PEEP

worse

Fig. 3. Adjusted odds ratio of in-hospital death per 1 cmH,0 increase in positive end-
expiratory pressure (PEEP) within subgroups of patients classified according to the
median value of driving pressure, plateau pressure (Pplat), tidal volume, PaO,/FiO,, and
the presence or absence of acute respiratory distress syndrome (ARDS) on the first day
of mechanical ventilation. Adjustment was made for simplified acute physiology score
(SAPS II) score, age, and the degree of hypoxia as assessed by the PaO,/FiO, ratio.

In our cohort, higher Vt was not associated with mortality. Interest-
ingly, low Vts were not adopted in these patients on the first day of me-
chanical ventilation. The lack of a relationship between Vt and outcome
may be explained by the low range of Vts in our study, with a median of
about 8.9 ml/kg, suggesting adoption of a Vt mostly less than 10 ml/kg in
the patients enrolled. The relatively low airway pressures in these pa-
tients may also have outweighed the possible deleterious effects of
high Vt. Indeed, high-volume ventilation has been reported to increase
the risk of permeability pulmonary edema even in previously
non-injured lung as well as increased formation of edema in the injured
lung [22] and may provoke initiation of a pro-inflammatory cascade,
which then results in lung injury. [23] Since the ARMA RCT, it is clear
that high Vt can contribute to the development of lung injury. [5] In
addition, two meta-analyses reported that the number of patients
breathing without assistance by day 28 was higher in patients venti-
lated with Vt of 6 ml/kg predicted body weight (PBW) compared to
those ventilated with Vt of 10 ml/kg; lower Vt values were also associ-
ated with a reduced risk of pulmonary complications. [8,10] Therefore,
lower Vts, perhaps targeted to airway pressures, may be safer in pa-
tients with SARL

Higher airway pressures were independently associated with
in-hospital mortality, especially in hypoxemic patients and those
with ARDS. Indeed, current guidelines recommend limiting Pplat to
30 cmH,0 in septic patients with ARDS. [24] However, the guidelines
also suggest limiting Pplat to 20 cmH,0 in patients with normal
lung function in the ICU or undergoing major abdominal surgery
with a high risk of complications. As a surrogate for lung stress, [1]
Pplat is the most commonly used clinical variable to indicate lung
overdistention. [4] A meta-analysis demonstrated a significant correla-
tion between Pplat>35cmH,0 and the risk of barotrauma. [25] In a
retrospective analysis of septic patients with acute respiratory failure,
Pplat on the first day of ICU admission was predictive of outcome,
with lower values being associated with lower mortality rates. [26]
More recently, a large prospective observational study suggested that
higher Pplat was a potentially modifiable factor associated with in-
creased in-hospital mortality in critically ill patients without ARDS. [27]

In our study, higher PEEP levels were associated with worse out-
come. Although high PEEP may decrease refractory hypoxemia in pa-
tients with ARDS, it also increases static strain on the lung, which may
be harmful, especially in those with lower degrees of lung recruitability.
[28] We assume that high PEEP levels were used in the more severe
cases in our study, and a confounding effect of severity of illness cannot
be excluded. The confounding effect of the associated higher Pplat levels
may also explain, at least in part, the observed worse outcome in
patients with higher PEEP levels. It has also been shown that the
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percentage of recruitable lung tissue is extremely variable. [29] There-
fore, assessment of individual recruitability may be essential to individ-
ualize PEEP settings and better determine the optimal PEEP level.
Nonetheless, the benefit of higher PEEP levels remains controversial in
patients with and without ARDS. A large RCT comparing high versus
low levels of PEEP with similar Vts during intraoperative ventilation,
found that higher levels of PEEP were not associated with a reduced
risk of postoperative pulmonary complications. [30] A systematic re-
view and meta-analysis reported that treatment with higher levels of
PEEP was associated with improved hospital survival but only in pa-
tients with ARDS. [31]

The deleterious effects of higher driving pressure were confirmed
only in patients with high airway pressures (Pplat and PEEP) and high
Vt, as well as in hypoxemic patients and patients with ARDS. Driving
pressure is directly related to stress forces in the lung and adjusting Vt
by targeting driving pressure, rather than ideal body weight, maybe
lung-protective in patients with more severe lung injury and low end-
expiratory lung volumes [11,13]. In a secondary analysis of RCTs of me-
chanical ventilation in ARDS patients, Amato et al. showed that driving
pressure was the variable most strongly associated with mortality
[14]. In an observational study of 2377 patients, driving pressure > 14
c¢mH,0 was associated with an increased risk of hospital mortality in
patients with moderate and severe ARDS [15]. Schmidt et al. also re-
ported that the driving pressure was associated with risk of death in
hypoxemic patients with a Pa0O,/FiO, ratio < 300 regardless of the
results of the chest radiograph or the presence of ARDS [32].

The lack of association between driving pressure and risk of death in
patients with SARI who did not have ARDS or hypoxemia may be related
to the low degree of preexisting lung damage. Our results are consistent
with those of a recent cohort study of 622 mechanically ventilated adult
patients without ARDS [32]. Nonetheless, in a secondary analysis of a
study on mechanically ventilated patients without ARDS in the emer-
gency department, Fuller et al. reported that driving pressure was a
risk factor for mortality and the later development of ARDS [33]. A
meta-analysis of individual patient data from 17 clinical trials including
2250 patients who received protective ventilation during general an-
aesthesia for surgery suggested that driving pressure was associated
with the occurrence of postoperative pulmonary complications [34].
We can speculate that our cohort was underpowered to detect a poten-
tially harmful effect of driving pressure in this subgroup of patients or
that the relatively lower driving pressures applied in these patients
were within the safe limits that are not associated with worse outcome.

Our study has several limitations. First, the multivariable analysis is
limited to the variables included in this analysis, so that the possible
confounding effect of unmeasured variables, such as use of recruitment
manoeuvres, cannot be excluded. Furthermore, the mathematical link
and collinearity between the various airway pressures precludes the in-
clusion of these parameters in the same multivariable model. Second,
the number of patients in the subgroup analyses is too small to allow
for adjustment for a large number of covariates; nonetheless, we ad-
justed for severity of illness and the degree of hypoxemia within these
subgroups. Third, ventilator parameters were recorded at a fixed time
point and may have been subject to changes during the day. Fourth,
multivariate adjustment may not necessarily imply causality and the
possible impact of the underlying pathologic alterations in the lung tis-
sue on outcome may not be completely excluded. Indeed, the lower
Pa0,/FiO, ratio and higher PaCO, values in non-survivors signify
marked impairment of lung mechanics and function in these patients.
Finally, due to the observational nature of the study, the influence of
spontaneous breathing cannot be completely excluded and may have
confounded measurements of airway pressures.

5. Conclusion

In patients with SARI who required controlled IMV in the ICU, higher
airway pressures but not Vt were independently associated with in-
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hospital mortality. In hypoxemic patients and in patients with ARDS,
higher driving pressure, Pplat, and PEEP were associated with an in-
creased risk of in-hospital death.
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Appendix 1. List of participating centres by region & country in
alphabetical order

Study coordinator

The trials group of the European Society of Intensive Care (ESICM): (G
Francois)

Europe

Austria: General Hospital, Braunau (J Auer, G Schatzl); Krankenhaus
Oberwart, Oberwart (K Mach, H Gruber)

Belgium: Ziekenhuis Oost-Limburg, Genk (E Schreurs, M Vander
Laenen); Universitair Ziekenhuis, Leuven (H Ceunen, ] Wauters); CHU
Saint-Pierre, Brussels (P Deschamps); Cliniques Universitaires Saint-
Luc UCL, Brussels (D Castanares); CHU Brugmann, Brussels (D Debels,
C Pierrakos); Erasme University Hospital, Brussels (JLVincent, FS
Taccone (national coordinator))

Czech Republic: University Hospital Motol, Prague (T Vymazal)

Croatia: University Hospital Centre Zagreb, Zagreb (I Gornik, A
Vujiaklija Brajkovic)

Denmark: Holbaek Sygehus, Holbaek (R Medici); Rigshopitalet, Co-
penhagen (] Nielsen); Glostrup Sygehus, Glostrup (A Bendtsen, H Siegel)

Finland: Meilahti Hospital, Helsinki (T Suonsyrjd)
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France: CHU Nord, Marseille (S Hraech), Hopital Cochin, Paris (J-D
Chiche, F Daviaux); CHRU Strasbourg-Hopital de Hautepierre, Stras-
bourg (M Guillot, V Castelain); CHRU Nancy- Hopital Brabois- Réanima-
tion et soins continus chirurgicaux, Vandoeuvre-Les-Nancy (R-R
Losser), CHRU Nancy- Hopital Brabois- Réanimation médicale,
Vandoeuvre-Les-Nancy (E Novy); Hopital Bichat, Paris (J-F Timsit (na-
tional coordinator), L Bouadma); Groupe Hospitalier Paris Saint-Joseph,
Paris (B Misset, F Philippart); Centre Hospitalier Dr. Schaffner, Lens (]
Mallat); CHU Amiens, Amiens (E Zogheib, M Miclo) Hopital Bicétre, Le
Kremlin-Bicétre Paris (J-L Teboul, N Anguel); CHU Saint-Etienne,
Saint-Etienne (M Darmon); Hopital Tenon, Paris (T Pham); CH
Mulhouse-Hépital Emile Muller, Mulhouse (G Barberet); Hopital Victor
Dupouy, Argenteuil (G Plantefeve); Hopital Edouard Herriot, Hospices
Civils de Lyon, Lyon (B Floccard)

Georgia: Georgian Critical Care Medicine Institute, Thilissi (Z
Kheladze)

Germany: Universitdtsklinikum Jena, Jena (K Reinhart (national
coordinator), Y Sakr, F Bloos); Klinikum Weiden, Weiden in der Oberpfalz
(A Faltlhauser); Klinikum Luedenscheid, Luedenscheid (T Helmes);
University Hospital Frankfurt, Frankfurt am Main (K Zacharowski,
P Meybohm); Klinikum Saarbriicken, Saarbriicken (K Schwarzkopf);
Klinikum Niirnberg, Dept. of Emergency and Critical Care Medicine,
Nurenberg (M Christ, M Baumgaertel); Klinikum Niirnberg,
Nephrologische Intensivstation BU13, Nurenberg (S John, | Nentwich);
Universititsmedizin-Charité, Berlin (M Deja, A Goldmann);
Diakoniekrankenhaus Friederikenstift, Hannover (A Gottschalk, F
Honig); University Medical Center Freiburg, Freiburg (B Siepe, U
Goebel); Vivantes Humboldt-Klinikum, Berlin (J Lehmke, S Behrens);
Oberschwabenklinik, Krankenhaus St. Elisabeth, Ravensburg (K Fiedler);
Universitdtsmedizin Mainz, Mainz (I Sagoschen); University Hospital,
Tiibingen (R Riessen, M Haap); University Hospital, Leipzig (Ph Simon,
U Kaisers); Vivantes Klinikum Spandau, Berlin (S Behrens, M Niesen);
Klinikum Augsburg, Augsburg (U Jaschinski); Universitatsklinikum des
Saarlandes, Homburg (S Hoersch, A Jung); Robert-Bosch-Krankenhaus,
Stuttgart (S Allgaeuer); Maria Hilf, Ménchengladbach (H Haake); Klinik
Hennigsdorf der Oberhavel Kliniken, Hennigsdorf (A Lange)

Greece: Hippokrateion General Hospital, Athens (M Papanikolaou,
M Balla); AHEPA University Hospital, Thessaloniki (M Giannakou,
I Soultati); University Hospital of loannina, Ioannina (G Nikos, V
Koulouras); Lamia General Hospital, Lamia (G Kyriazopoulos,
D Gkika); General Hospital O Agios Dimitrios, Thessaloniki
(G Vlachogianni, K Psaroulis); Hippokratio Hospital, Thessaloniki
(E Mouloudi, E Massa)

Ireland: St Vincents University Hospital, Dublin (A Nichol, E Meany);
Limerick University Hospital, Limerick (C Motherway)

Italy: San Gerardo Hospital, Monza (G Bellani); Pinetagrande Private
Hospital, Castelvolturno (V Pota, V Schiavone); University Hospital of
Modena, Modena (M Girardis, S Busani); Azienda Ospedaliera
Desenzano, Desenzano (N Petrucci, R Di Pasquale); Ospedale Sandro
Pertini, Rome (P Mazzini); IRCCS San Martino-IST,Genova (A Molin, G
Pellerano); Arispedale Sant'Anna Hospital, Ferrara (C Volta, S Spadaro);
Azienda Ospedaliero Universitaria Pisana, Pisa (F Guarracino);
Fondazionel RCCS Ca’ Granda - Ospedale Maggiore Policlinico, Milan
(M Savioli); Santa Maria degli Angeli Hospital, Pordenone (T Pellis, N
Chinellato); OspedaleCeccarini, Riccione (A Gatta, F Cecchini);
Policlinico P. Giaccone, Palermo (S.M. Raineri, A Cortegiani)

Lithuania: Vilnius University Hospital Santariskiu Clinics,Vilnius (G
Kekstas, V Karosas)

Macedonia: Special Hospital for surgery Fillip II, Skopje (T Anguseva,
Z Mitrev)

Netherlands: Tjongerschans, Heerenveen (O Beck, N Cimic); Atrium
Medisch Centrum Parkstad, Heerlen (GJanssen, L Bormans); Medical
Center Leeuwarden, Leeuwarden (M Kuiper, K Koopmans);
Spaarneziekenhuis, Hoofddorp (S Den Boer, M de Groot); Medical Cen-
tre Haaglanden, The Hague (P Dennesen); Reinier de GraafZiekenhuis,
Delft (J van den Bosch); Slotervaartziekenhuis, Amsterdam (G Kluge)
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Poland: Child Jesus Clinical Hospital of the Medical University of
Warsaw, Warsaw (M Mikaszewska-Sokolewicz, T Lazowski);
SzpitalPraski, Warsaw (M Chruscikowski); Wroclaw University Hospi-
tal, Wroclaw (JMachon, B Adamik, A Kiibler); Barlicki Clinical Hospital,
Lodz (A Wieczorek)

Portugal: Hospital de S. José, Lisbon (S Afonso, R Matos (national co-
ordinator)); Centro Hospitalar do Médio Tejo, Abrantes (N Catorze, A
Araujo); Hospital de Santa Maria EPE (CHLN), Lisbon (Z Costa, A Pais-
de-Lacerda); Centro Hospitalar Tondela-Viseu, Viseu (I Martins); Hospi-
tal Sao Francisco Xavier — CHLO, Lisbon (R Cardiga, L Fernandes); Hospi-
tal Pr Doutor Fernando Fonseca EPE, Amadora (I Serra, A Martinho)

Romania: Fundeni Clinical Institute, Bucharest (D Tomescu, M
Popescu, E Scarlatescu); Institute of Pneumology, Bucharest (R Stoica,
A Macri); Emergency Institute for Cardiovascular Diseases Prof. Dr. C.C.
Iliescu, Bucharest (D Filipescu (national coordinator))

Slovenia: General Hospital Izola, Izola (E Rupnik); University Clinic of
Respiratory and Allergic Diseases, Golnik (V Tomic, F Sifrer)

Spain: Hospital de Gran Canaria Dr. Negrin, Las Palmas de
GranCanaria (J Sole Violan, ].M; Ferrer Agiiero); Complejo Hospitalario
de Navarra, UCI B, Pamplona (J Izura); Clinica Universidad de Navarra,
UCI Adultos, Pamplona (P Monedero);Hospital de Torrejon, Torrején
de Ardoz (C Mufios de Cabo); Hospital Clinico Universitario de Valencia,
Cuidados intensivosquirurgicos, Valencia (G Aguilar, F.J. Belda); Hospi-
tal Clinico Universitario de Valencia, Cuidados Intensivos, Valencia (]
Blanquer, E Nives Carbonell); Hospital Universitari Bellvitge, L'Hospita-
let de Llobregat-Barcelona (J-C Lopez-Delgado); Hospital Regional Car-
los Haya, Malaga(C Aragon, C Joya); Hospital Quirén Sagrado Corazon,
Seville (C Ortiz-Leyba); Complejo Hospitalario Universitario de Ferrol,
Ferrol (CJ Fernandez Gonzalez); Hospital Universitario Virgen de la
Victoria, Malaga (M-V de la Torre-Prados, A Puerto-Morlan); Hospital
Universitario Miguel Servet, Zaragoza (P Araujo Aguilar, ]I
TomasMarsilla); Hospital de la Santa Creu I Sant Pau, Barcelona (P
Vera Aratcoz, A Olmo); Mutua Terrassa University Hospital, Terrasa (R
Ferrer Roca (national coordinator)); Hospital General de Vic, Vic-
Barcelona (R.M Catalan); Hospital General Universitario Gregorio
Marafion, Madrid (P Garcia Olivares); Hospital de Matar6, Matar6 (A
Albis); Clinico San Carlos, Madrid (M Alvarez); Hospital General
Universitario de Albacete, Albacete (V Corcoles Gonzalez, . M Gutierrez
Rubio); Hospital Clinico Universitario Lozano Blesa, Zaragoza (R
Montoiro Allue); Hospital Infanta Cristina, Badajoz (] Rubio Mateo-
Sidron)

United Kingdom: Bronglais General Hospital, Aberystwyth (M
Hobrok); St George's Hospital, London (M Cecconi (national coordina-
tor), N Di Tomasso); Barts Health NHS Trust, Whipps Cross Hospital,
Leytonstone (A Raj); Royal Glamorgan Hospital, Llantrisant (T
Szakmany, L Srinivasa); Alexandra Hospital, Redditch (S Mathew);
Craigavon Area Hospital, Portadown (A Ferguson); The Great Western
Hospital, Swindon (M Blahut-Zugaj, M Watters); Western Infirmary,
Glasgow (S Henderson, M Sim); Wexham Park Hospital, Slough(P
Csabi); Antrim Area Hospital, Antrim (O O'Neill, C Nutt); West Suffolk
Hospital, Bury St Edmunds (S Humphreys, K Bhowmick); Altnagelvin
Hospital, Derry (A Donnelly, S O'Kane); Ipswich Hospital NHS Trust, Ips-
wich (M Garfield); Barnet General Hospital, Barnet (R Jha, N Unni); Im-
perial College Healthcare NHS Trust-Charing Cross Hospital, London (A
Gordon, F Rubulotta); Rotherham General Hospital, Rotherham (K
Ravi, G Lunch); Chase Farm Hospital, Royal Free London Foundation
Trust, Enfield(F Franco); Kent & Canterbury Hospital, Canterbury
(DHiggs, G Strandvik); Pilgrim Hospital, Boston (A Jonas);King's College
Hospital, London (P Hopkins, T Hurst);Queen's Hospital, Romford (A
Bellini, O Balogun); St Thomas Hospital, London (R Srinivasan, M
Ostermann); University Hospital of South Manchester, Manchester(P
Alexander, K McCalman); Guy's Hospital, London (JBedford, M Fulop);
Luton and Dunstable Hospital, Luton(G Brescia); John Radcliffe Hospital,
Oxford (J Strachan, ] Meyer); Imperial College Healthcare NHS Trust-St
Mary's Hospital, London (M Stotz), Imperial College Healthcare NHS
Trust-Hammersmith Hospital, London (S Brett)
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Middle East

Iran: Nemazee Hospital (AACCRC), Shiraz (F Zand, R Nikandish);
Masih Daneshvari Hospital (NRITLD), Teheran (S Hashemian, H
Jamaati)

Qatar: Hamad General Hospital, Doha (A.S. Alsheikhly)

Saudi Arabia: Prince Sultan Military Medical City (PSMMC), Riyadh
(G Almekhlafi, M Albarrak); King Faisal Specialist Hospital, Riyadh (A
Maghrabi, N Salahuddin); King Fahad Hospital, Baha (T Aisa)

Turkey: Atasehir Memorial Hospital, Istanbul (H. K Atalan); Erciyes
Universitesi Tip Fakultesi, Kayseri (M Sungur);

United Arab Emirates: Sheikh Khalifa Medical City, Abu Dhabi (M
Hegazi)

North America

United States: Mayo Clinic, Saint Mary's Hospital, Rochester (P
Bauer); Memorial Medical Center, Springfield (S Mukkera); Santa
Barbara Cottage Hospital, Santa Barbara(] Fried, M Barger); John H
Stroger Hospital of Cook County, Chicago (R Gueret)

South America

Argentina: Sanatorio Parque, Rosario (C Gonzalez, CLovesio); Hospi-
tal Dr. Julio C. Perrando, Resistencia (CDellera, D Barrios).

Brazil: Hospital Universitario Lauro Wanderley, Jodo Pessoa (C
LeiteMendes, P Gottardo); Hospital Unimed,Vitéria (E Caser, C Santos);
UDI Hospital, Sdo Luis (A Carvalho); Hospital Moinhos de Vento, Porto
Alegre (C Teixeira)

Chile: Hospital del Trabajador, Santiago (W Samaniego, S Whittle)

Colombia: Clinica Universitaria Colombia, Bogota (D Molano, A
Rojas);Clinica Medellin, Medellin (K Guerra)

Ecuador: Hospital Militar, Quito (B Villamagua); Clinica La Merced,
Quito (E Salgado-Yepez); Hospital de losValles, Quito (D Morocho, N
Remache-Vargas)

Mexico:InstitutoNacional de Cancerologia, Mexico (S.A Namendys-
Silva); Hospital Civil de Guadalajara-HospitalJuan I Menchaca, Guadala-
jara (D Rodriguez); InstitutoNacional de Ciencias Médicas y Nutricién
Salvador Zubiran, Mexico (G Dominguez-Cherit, G Barraza); Hospital
Regional Leon, ISSSTE, Mexico (E. Bermudez-Aceves); Hospital de
Especialidades Antonio Fraga Mouret-Centro Médico Nacional La Raza
IMSS, Mexico (L.A Sanchez-Hurtado, J. A Baltazar-Torres)

Peru: Hospital Nacional Dos de Mayo, Lima (R QuispeSierra, R Ovalle
Olmos); Hospital Regional Honorio Delgado,Arequipa (C Chavez)

Venezuela: Hospital Central Dr. Miguel Pérez Carrefio, Caracas (I
vonOsten)

Oceania

Australia

Canberra Hospital, Canberra (C Van Haren (national coordinator));
Townsville Hospital, Douglas (NSmalley); Concord Hospital, Concord-
West Sydney (MKol, H Wong); St Vincent's Hospital, Fitzroy-
Melbourne (R Smith)

East and South-East Asia

China

Wuhan Central Hospital, Wuhan (L Yu, X Wu); The First People's
Hospital, Kunming (L Chao); Qilu.

Hospital of Shandong University, Jinan (Q Zhai, D Wu); Tenth Peo-
ple's Hospital, Tongji University School of Medicine, Shanghai (X
Zhang, X Jing);

Philippines: Chong Hua Hospital, Cebu (R Bigornia, Y Ikeda-
Magquiling); The Medical City, Pasig (J Robles, ]. E. Palo)

Vietnam

Bachmai Hospital, Hanoi (T Nguyen, C Dao)

South Asia

India: Sanjeevan Hospital, Pune (S Dixit), Sanjay Gandhi Postgradu-
ate Institute of Medical Sciences, Lucknow (M Gurjar); Care Hospital,
Hyderabad (P Reddy); Bombay Hospital Institute of Medical Sciences,
Mumbai Maharashtra(A Pravin (national coordinator)); Hinduja Hospi-
tal, Mumbai (S Simran); Apollo Hospitals, Chennai (N Ramakrishnan);
Manipal Hospital, Bangalore (R Shetty); Breach Candy Medical Research
Centre, Mumbai (F Udwadia)



Y. Sakr, T. Midega, J. Antoniazzi et al.

Pakistan: Shifa International Hospital, Islamabad (M Faraz)
Sri Lanka: Sri Jayewardenepura General Hospital, Nugegoda (K
Indraratna, ] Rajasinhe)

Appendix 2. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jcrc.2021.08.008.
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