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Abstract 

Background  The relative contribution of the different components of mechanical power to mortality is a subject 
of debate and has not been studied in COVID-19. The aim of this study is to evaluate both the total and the rela‑
tive impact of each of the components of mechanical power on mortality in a well-characterized cohort of patients 
with COVID-19-induced acute respiratory failure undergoing invasive mechanical ventilation. This is a secondary 
analysis of the CIBERESUCICOVID project, a multicenter observational cohort study including fifty Spanish intensive 
care units that included COVID-19 mechanically ventilated patients between February 2020 and December 2021. We 
examined the association between mechanical power and its components (elastic static, elastic dynamic, total elastic 
and resistive power) with 90-day mortality after adjusting for confounders in seven hundred ninety-nine patients 
with COVID-19-induced respiratory failure undergoing invasive mechanical ventilation.

Results  At the initiation of mechanical ventilation, the PaO2/FiO2 ratio was 106 (78; 150), ventilatory ratio was 1.69 
(1.40; 2.05), and respiratory system compliance was 35.7 (29.2; 44.5) ml/cmH2O. Mechanical power at the initiation 
of mechanical ventilation was 24.3 (18.9; 29.6) J/min, showing no significant changes after three days. In multivariable 
regression analyses, mechanical power and its components were not associated with 90-day mortality at the start 
of mechanical ventilation. After three days, total elastic and elastic static power were associated with higher 90-day 
mortality, but this relationship was also found for positive end-expiratory pressure.
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Conclusions  Neither mechanical power nor its components were independently associated with mortality in COVID-
19-induced acute respiratory failure at the start of MV. Nevertheless, after three days, static elastic power and total 
elastic power were associated with lower odds of survival. Positive end-expiratory pressure and plateau pressure, 
however, captured this risk in a similar manner.

Keywords  Mechanical power, COVID-19, Mechanical ventilation, Respiratory failure

Background
Ventilator-induced lung injury (VILI) occurs in patients 
with acute respiratory distress syndrome (ARDS) and 
increases mortality risk [1, 2]. Excessive strain and stress 
caused by mechanical ventilation (MV) are the primary 
mechanisms of lung injury [3]. However, given that VILI 
is a complex and multifactorial phenomenon [3], a defini-
tive variable to evaluate the risk of lung injury and opti-
mize the application of MV is currently unknown.

Mechanical power is a composite variable that 
expresses the work that MV transfers to the respira-
tory system per unit of time. It accounts for the energy 
transferred to the lungs to produce motion [4]: the first 
component is the work performed by the ventilator to 
overcome the basal tension of the lungs produced by 
positive end-expiratory pressure (PEEP, elastic static 
power); the second component is the work needed to 
inflate the lungs, which depends on the elastance of the 
respiratory system (Ers, elastic dynamic power); the 
third and final component is the work performed to 
overcome resistance (R, resistive power). Consequently, 
mechanical power is a unifying concept of VILI as 
it considers all variables known to play a role in lung 
injury, including those previously neglected such as the 
respiratory rate [4]. For example, simultaneous changes 
in different ventilator settings will alter these compo-
nents. However, the final contribution of such changes 
to VILI risk will be encompassed by mechanical power.

Several observational and experimental studies 
have identified that mechanical power is associated 
with increased mortality in critically ill patients, spe-
cifically in those with ARDS [5, 6]. However, there 
are still controversies regarding its role as the ulti-
mate predictor of VILI. Firstly, the relative contribu-
tion of each of its components to mortality is debated 
[6]. Secondly, it has not been studied in patients with 
COVID-19-induced respiratory failure. Therefore, the 
aim of this study is to evaluate both the total and the 
relative impact of each of the components of mechani-
cal power on mortality in a well-characterized cohort 
of patients with COVID-19-induced acute respiratory 
failure undergoing invasive MV.

Methods
Study design
This is an ancillary analysis of a multi-center, observa-
tional cohort study that included patients undergoing 
invasive MV due to COVID-19. The study involved 50 
Spanish intensive care units (ICU) participating in the 
CIBERESUCICOVID project (NCT04457505) (details of 
participating centers are provided in Online Table 1). The 
study was approved by the Institution’s Internal Review 
Board (Comité Ètic d’Investigació Clínica, registry num-
ber HCB/2020/0370, April 2020), and it conducted in 
accordance with the Helsinki Declaration of 1975, as 
most recently amended (https://​www.​wma.​net/​polic​ies-​
post/​wma-​decla​ration-​of-​helsi​nki-​ethic​al-​princ​iples-​for-​
medic​al-​resea​rch-​invol​ving-​human-​subje​cts/). Informed 
consent was obtained from either patients or their rela-
tives. The study spanned from February 6th 2020 to 
August 16th 2022. During this period, we examined the 
association between mechanical power at the initiation 
of MV and after three days with mortality and other clin-
ical outcomes.

Study population
All patients from the CIBERESUCICOVID project were 
screened for eligibility. We excluded patients under 
non-invasive support therapies, receiving pressure-con-
trolled ventilation or any modality other than volume-
controlled, patients spontaneously breathing, individuals 
with missing data for calculating mechanical power or 
for evaluating clinical outcomes, patients referred from 
another ICU, < 18  years old, and those lacking a micro-
biologically confirmed SARS-CoV-2 infection. A total of 
121 patients were lost to follow up after 90 days (Fig. 1).

Exposure variables
The following ventilatory variables were recorded at the 
initiation of MV and after 3  days: tidal volume [TV, ml 
and ml/predicted body weight (PBW)], positive end-
expiratory pressure [PEEP, cmH2O], positive end-inspir-
atory plateau pressure [Pplat, cmH2O], driving pressure 
[DP, cmH2O (Pplat minus PEEP)], peak inspiratory pres-
sure [Ppeak, cmH2O], and respiratory rate [RR, breaths/
minute]. Respiratory system compliance [ml/cmH2O] 
and ventilatory ratio were calculated as described 

https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/
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Resistive power[related to resistance] :
0.098 ∗ VT ∗ RR ∗ (Ppeak−Pplat).

Table 1  Baseline characteristics of the study population

Data are presented as medians (IQR) or as numbers (%). Percentages calculated on non-missing data. p-values marked in bold indicate statistical significancy on the 
95% confidence limit

APACHE: acute physiology and chronic health evaluation; BMI: body mass index; FiO2: fraction of inspired oxygen; ICU: intensive care unit; IQR: interquartile range; 
MP, Mechanical Power; MV: mechanical ventilation; PaCO2: arterial partial pressure of carbon dioxide; PaO2: arterial partial pressure of oxygen; PBW: predicted body 
weight; PEEP: positive end-expiratory pressure; SOFA: sequential organ failure assessment
a More than one comorbidity possible
b Calculated only for patients with MP on day 3 of MV (n = 306)

Characteristic Population (n = 799)

Age, years 63 (55; 70)

Male sex 567 (71)

BMI, kg/m2 29.4 (26.6; 33.3)

Comorbiditiesa 597 (76)

Active smoker 51 (6.7)

Hypertension 419 (52.4)

Diabetes mellitus 206 (25.8)

Dyslipidemia 273 (34.2)

Chronic liver disease 30 (3.8)

Chronic heart disease 109 (13.6)

Chronic lung disease 118 (14.8)

Chronic renal failure 56 (7)

Immunosuppression 44 (5.5)

 Glasgow Coma Scale 15 (15; 15)

 APACHE-II score 11 (9; 15)

 SOFA score 6 (4; 8)

 SOFA, hemodynamic component 1 (0; 4)

 SOFA, renal component 0 (0; 0)

Arterial blood gases

 PaO2/FiO2 ratio 106 (78; 150)

 pH 7.41 (7.34; 7.45)

 PaCO2, mmHg 39 (33.8; 45)

Ventilatory setting and respiratory system mechanics Upon MV Start On MV day 3b p-valueb

Tidal volume/PBW, mL/kg 6.9 (6.2; 7.6) 6.8 (6; 7.7) 0.643

Respiratory rate, breaths per min 22 (20; 25) 22 (20; 26) 0.635

PEEP, cmH2O 12 (10; 14) 12 (10; 14) 0.002
FiO2, % 75 (60; 100) 50 (40; 60)  < 0.001
Peak inspiratory pressure, cmH2O 32 (29; 36) 31 (29; 35) 0.262

End-inspiratory plateau pressure, cmH2O 25 (22; 27) 24 (21; 26)  < 0.001
Driving pressure, cmH2O 12 (10; 15) 12 (10; 14) 0.027
Respiratory system compliance, mL/cmH2O 35.7 (29.2; 44.5) 37.4 (30; 45.2) 0.010
Ventilatory ratio 1.69 (1.4; 2.05) 1.79 (1.51; 2.17)  < 0.001
Total MP, J/min 24.3 (18.9; 29.6) 23.4 (18.5; 29.7) 0.665

Resistive MP, J/min 6.6 (3.8; 10) 6.6 (3.5; 11) 0.015
Elastic MP, J/min 16.9 (14; 20.3) 16.1 (13.4; 19.9) 0.031
Elastic, static MP, J/min 11.2 (9.1; 13.6) 11 (8.9; 13.5) 0.027
Elastic, dynamic MP, J/min 5.5 (4.3; 7.1) 5.2 (4.1; 6.6) 0.107

elsewhere [7, 8]. Mechanical power [J/min] and its com-
ponents were determined using to the following formula:
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Primary and secondary outcomes
Our primary outcome was 90-day mortality. Second-
ary outcomes included 30-day mortality, duration of 
mechanical ventilation, and length of ICU stay. The dura-
tion of invasive MV was measured from its initiation 
until either extubation or death.

Statistical analyses
Continuous variables are expressed as medians with 
interquartile ranges (IQR). Categorical variables are 
expressed as total number and percentage (%). Cat-
egorical variables were compared using the chi-squared 

Elastic dynamic power[related to DP] : 0.098 ∗ VT ∗ RR ∗ 1/2DP.

Elastic static power[related to PEEP] : 0.098 ∗ VT ∗ RR ∗ PEEP.

Total elastic power[related to Pplat] :
Elastic dynamic power + Elastic static power.

Total mechanical power : Resistive power + Total elastic power.

test or Fisher’s exact test. Continuous variables were 
compared using the non-parametric Mann–Whitney 
U test. For comparisons among more than 2 groups, we 
employed the non-parametric Kruskal–Wallis test. Pair-
wise comparisons were performed using the Bonferroni 
method. Continuous paired data (i.e., at the initiation of 
MV and after 3 days) was compared using the Wilcoxon 
signed-rank test. We examined the association between 
mechanical power and its components with 90-day mor-
tality using Cox regression multivariable models [9], 
adjusting for potential confounders, including COVID-
19 wave and center. We adjusted for the following covari-
ates: age, sex, days from symptoms to ICU admission, 
APACHE-II, PaO2/FiO2 ratio, pH, static compliance of 
the respiratory system, ventilatory ratio, prone position 
and corticosteroids treatment. Results were expressed 
as hazard ratios (HRs) and 95% confidence interval. Sin-
gle collinearity was evaluated using Pearson’s correlation 
coefficient (r). Multicollinearity was assessed using the 
variance inflation factor (VIF). In the multivariable Cox 
regression models we examined whether mechanical 
power, each of its components (elastic static power, elas-
tic dynamic power and resistive power), and total elastic 
power were associated with mortality after the inclusion 

Fig. 1  Study flowchart
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Table 2  Characteristics of patients and outcomes based on 90-day mortality in the overall population

Data are presented as medians (IQR) or as numbers (%). Percentages calculated on non-missing data. p-values marked in bold indicate statistical significancy on the 
95% confidence limit

APACHE: acute physiology and chronic health evaluation; IQR: interquartile range; MP, Mechanical Power; MV: mechanical ventilation; PaCO2: arterial partial pressure 
of carbon dioxide; PaO2: arterial partial pressure of oxygen; PBW: predicted body weight; PEEP: positive end-expiratory pressure; SOFA: sequential organ failure 
assessment
a Calculated only for patients with 90-day follow-up (n = 678)
b Calculated only for patients with MP data on MV day 3 (n = 306)
c Calculated only for patients with 30-day follow-up (n = 735)
e Calculated only for surviving patients (n = 437)

Variables Survivors (n = 437) Non-survivors (n = 241) p-value

Age, years 62 (53; 69) 67 (60; 74)  < 0.001
Male sex 309 (70.7) 177 (73.4) 0.449

APACHE-II score 10 (8; 13) 13 (10; 18)  < 0.001
SOFA score 6 (4; 8) 7 (4; 8)  < 0.001
PaO2/FiO2 ratio 107 (80; 159) 102 (74.6; 140) 0.084

pH 7.42 (7.35; 7.46) 7.38 (7.29; 7.45)  < 0.001
PaCO2, mmHg 39 (33.8; 45) 40.1 (34; 47) 0.154

Ventilatory ratio 1.62 (1.34; 1.99) 1.74 (1.46; 2.26) 0.003
Ventilatory setting and pulmonary mechanics on MV start

 Tidal volume/PBW, mL/kg 6.9 (6.2; 7.6) 6.8 (6.1; 7.6) 0.687

 Respiratory rate, breaths per min 22 (20; 25) 22 (20; 25) 0.215

 PEEP, cmH2O 12 (11; 14) 12 (10; 14) 0.362

 Peak inspiratory pressure, cmH2O 31 (29; 35) 33 (29; 37) 0.004
 End-inspiratory plateau pressure, cmH2O 25 (22; 27) 25 (23; 28) 0.021
 Driving pressure, cmH2Oa 12 (10; 14) 13 (10; 15) 0.009
 Compliance, mL/cmH2O 36.1 (30; 45) 33.6 (27.1; 42.3) 0.006
 Total MP, J/min 23.8 (18.6; 29.1) 24.6 (19.4; 31) 0.152

 Resistive MP, J/min 6.2 (3.5; 9.5) 6.5 (3.7; 10.3) 0.250

 Elastic MP, J/min 17 (14; 20.2) 17.4 (14.1; 21.4) 0.250

 Elastic, Static MP, J/min 11.2 (9.3; 13.8) 11.5 (9; 14) 0.661

 Elastic, Dynamic MP, J/min 5.4 (4.3; 6.9) 5.9 (4.4; 7.5) 0.013
Ventilatory setting and pulmonary mechanics on MV day 3b

 Tidal volume/PBW, mL/kg 6.9 (6.1; 7.7) 6.7 (6; 7.4) 0.602

 Respiratory rate, breaths per min 22 (20; 25) 24(20; 27) 0.008
 PEEP, cmH2O 12 (10; 14) 12 (10; 14) 0.601

 Peak inspiratory pressure, cmH2O 30 (29; 34) 32.2 (29; 36) 0.029
 End-inspiratory plateau pressure, cmH2O 24 (21; 26) 25 (23; 28) 0.005
 Driving pressure, cmH2O 11 (10; 13) 12 (10; 15) 0.015
 Compliance, mL/cmH2O 38.2 (30.8; 46.3) 35 (28.7; 42.5) 0.037
 Total MP, J/min 21.8 (18; 29.4) 26.5 (19.4; 32.4) 0.034
 Resistive MP, J/min 5.9 (3.3; 11.2) 7.2 (3.2; 11.4) 0.657

 Elastic MP, J/min 15.7 (13.3; 19.5) 18 (14.4; 22.2) 0.004
 Elastic, static MP, J/min 10.9 (9.1; 13.4) 11.8 (9.5; 14.9) 0.059
 Elastic, dynamic MP, J/min 5 (3.9; 6.5) 5.9 (4.7; 7.4) 0.001

Outcomes

 30-day mortalityc 177 (24.1)

 90-day mortalitya 241 (35.5)

 Length of ICU stay, dayse 22 (13; 39)

 Length of hospital stay, dayse 37 (23; 54)

 Invasive MV length, dayse 16 (9; 31.5)
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of covariates. We repeated these analyses with data from 
the third day after MV initiation. Finally, we performed 
the same analyses using ventilatory parameters other 
than power and compared their ability, along with power, 

to predict mortality using the receiver operating charac-
teristic (ROC) curve. The multiple imputation method 
was employed for handling missing data in the covariates 
of the multivariable analyses [10, 11]. The significance 

Table 3  Multivariable models evaluating predictors of 90-day mortality, using total mechanical power and its components

MODEL A: using the continuous values of mechanical power at MV start; MODEL B: using the continuous values of the elastic and resistive components at MV start 
simultaneously; MODEL C: using the continuous values of the elastic static, elastic dynamic and resistive components at MV start simultaneously. Data are shown as 
estimated HRs (95% CIs) of the explanatory variables in the 90-day mortality group. The p-value is based on the null hypothesis that all HRs relating to an explanatory 
variable equal unity (no effect). p-values marked in bold indicate statistical significancy on the 95% confidence limit

APACHE, acute physiology and chronic health evaluation; CI, confidence interval; FiO2, fraction of inspired oxygen; HR, hazard ratio; MP, mechanical power; MV, 
mechanical ventilation; PaO2, partial pressure of arterial oxygen
a  “ + 1” means a one-unit increase on the scale in the predictor variable

Predictor Variables HR (95% CI) p-value

MODEL A

 Age (+ 1 year)a 1.05 (1.03 to 1.06)  < 0.001
 Male sex 1.12 (0.80 to 1.57) 0.511

 Days from initial symptoms to ICU admission (+ 1 day)a 0.99 (0.97 to 1.02) 0.666

 APACHE-II score at ICU admission (+ 1)a 1.04 (1.01 to 1.07) 0.012
 PaO2/FiO2 ratio at ICU admission (+ 1)a 1.00 (1.00 to 1.00) 0.373

 pH at ICU admission (+ 1)a 0.27 (0.06 to 1.24) 0.091

 Compliance at MV start (+ 1 mL/cmH2O)a 0.99 (0.98 to 1.01) 0.353

 Ventilatory ratio at MV start (+ 1)a 0.87 (0.67 to 1.11) 0.265

 Prone position at MV start 1.03 (0.76 to 1.40) 0.858

 MP at MV start (+ 1 J/min)a 1.01 (0.99 to 1.04) 0.325

 Corticosteroid treatment 0.88 (0.53 to 1.459) 0.609

MODEL B

 Age (+ 1 year)a 1.05 (1.03 to 1.06)  < 0.001
 Male sex 1.11 (0.78 to 1.57) 0.555

 Days from initial symptoms to ICU admission (+ 1 day)a 0.99 (0.97 to 1.02) 0.612

 APACHE-II score at ICU admission (+ 1)a 1.05 (1.02 to 1.08) 0.002
 PaO2/FiO2 ratio at ICU admission (+ 1)a 1.00 (1.00 to 1.00) 0.307

 pH at ICU admission (+ 1)a 0.38 (0.08 to 1.84) 0.231

 Compliance at MV start (+ 1 mL/cmH2O)a 0.99 (0.98 to 1.01) 0.363

 Ventilatory ratio at MV start (+ 1)a 0.85 (0.66 to 1.10) 0.225

 Prone position at MV start 1.03 (0.76 to 1.41) 0.833

 Elastic MP at MV start (+ 1 J/min)a 1.01 (0.97 to 1.05) 0.703

 Resistive MP at MV start (+ 1 J/min)a 1.01 (0.98 to 1.05) 0.442

 Corticosteroid treatment 0.90 (0.55 to 1.50) 0.694

MODEL C

 Age (+ 1 year)a 1.05 (1.04 to 1.06)  < 0.001
 Male sex 1.17 (0.82 to 1.67) 0.387

 Days from initial symptoms to ICU admission (+ 1 day)a 1.00 (0.97 to 1.02) 0.737

 APACHE-II score at ICU admission (+ 1)a 1.05 (1.02 to 1.08) 0.001
 PaO2/FiO2 ratio at ICU admission (+ 1)a 1.00 (1.00 to 1.00) 0.278

 pH at ICU admission (+ 1)a 0.38 (0.08 to 1.84) 0.229

 Compliance at MV start (+ 1 mL/cmH2O)a 0.98 (0.97 to 1.00) 0.06

 Ventilatory ratio at MV start (+ 1)a 0.88 (0.68 to 1.14) 0.348

 Prone position at MV start 1.03 (0.76 to 1.40) 0.841

 Elastic, static MP at MV start (+ 1 J/min)a 1.04 (0.99 to 1.10) 0.137

 Elastic, dynamic MP at MV start (+ 1 J/min)a 0.92 (0.83 to 1.02) 0.131

 Resistive MP at MV start (+ 1 J/min)a 1.02 (0.98 to 1.06) 0.373

 Corticosteroid treatment 0.93 (0.56 to 1.53) 0.764
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level was set at 0.05 (two-tailed), and all analyses were 
conducted using IBM SPSS version 26.0 (IBM Corp., 
Armonk, NY, USA).

Results
Characteristics of the study population
Out of 6.521 patients were screened for eligibility, 5.722 
patients did not meet inclusion criteria. The final analysis 
included a total of 799 patients with COVID-19-induced 
acute respiratory failure undergoing invasive MV [Fig. 1]. 
27 and 19 out of 799 patients died or were transferred 
before day 3.

The baseline characteristics of the study population are 
summarized in Table 1. The median age was 63 years (55; 
70), and 567 (71%) patients were male. Upon ICU admis-
sion, the median APACHE-II and SOFA scores were 11 
(9; 15) and 6 (4; 8), respectively. The median PaO2/FiO2 
was 106 (78; 150) at the initiation of MV. Ventilatory ratio 
was1.69 (1.40; 2.05) at the initiation of MV and 1.79 (1.51; 
2.17) after 3  days of MV (p < 0.001). Respiratory system 
compliance increased from 35.7 (29.2; 44.5) ml/cmH2O 
at the initiation of MV to 37.4 (30; 45.2) ml/cmH2O after 
3 days of MV (p = 0.014).

Table 4  Effects of quantiles of Mechanical Power on outcomes, length of ICU stay, and duration of mechanical ventilation

Data are presented as medians (IQR) or as numbers (%). Percentages calculated on non-missing data. p-values marked in bold indicate statistical significancy on the 
95% confidence limit

ICU, intensive care unit; IQR, interquartile range; MP, mechanical power; MV, mechanical ventilation; Q1, MP first quintile; Q2, MP second quintile; Q3, MP third quintile; 
Q4, MP fourth quintile; Q5, MP fifth quintile
a Calculated only for patients with 90-day follow-up (n = 678)
b Calculated only for patients with 30-day follow-up (n = 735)
c Calculated only for surviving patients (n = 437)
d p < 0.05 for comparison with Q2 (Bonferroni correction)
e p < 0.05 for comparison with Q3(Bonferroni correction)

Total MP Q1 (n = 159) Q2 (n = 160) Q3 (n = 160) Q4 (n = 160) Q5 (n = 160) p-value

90-day mortalitya 44 (32.1) 48 (34) 45 (34.6) 45 (35.2) 59 (41.5) 0.536

30-day mortalityb 31 (20.8) 33 (22.3) 36 (24.3) 33 (24.1) 44 (28.8) 0.563

Length of ICU stay, daysc 24 (15; 37) 16 (11; 34) 26 (14; 38) 20 (12; 43) 29 (15; 44)d 0.012
Invasive MV length, daysc 18 (11; 29) 12 (8; 24) 19 (9; 32) 16 (7; 35) 21 (9; 34)d 0.019

Elastic MP Q1
(n = 159)

Q2
(n = 160)

Q3
(n = 159)

Q4
(n = 163)

Q5
(n = 158)

p-value

90-day mortalitya 54 (44.66) 41 (29.1) 45 (33.6) 45 (32.8) 56 (38.6) 0.085

30-day mortalityb 36 (26.3) 33 (21.3) 36 (25.4) 33 (22.6) 39 (25.2) 0.841

Length of ICU stay, daysc 18 (13; 33) 22 (13; 39) 22 (12; 37) 23 (12; 42) 29 (15; 43) 0.171

Invasive MV length, daysc 13 (8; 26) 16 (9; 31) 15 (8; 31) 17 (9; 33) 21 (11; 34) 0.137

Elastic, static MP Q1 (n = 160) Q2 (n = 160) Q3 (n = 160) Q4 (n = 159) Q5 (n = 160) p-value

90-day mortalitya 54 (44.6) 41 (29.1) 45 (33.6) 45 (32.8) 56 (38.6) 0.085

30-day mortalityb 36 (26.3) 33 (21.3) 36 (25.4) 33 (22.6) 39 (25.2) 0.841

Length of ICU stay, daysc 18 (13; 33) 22 (13; 39) 22 (12; 37) 23 (12; 42) 29 (15; 43) 0.193

Invasive MV length, daysc 13 (8; 26) 16 (9; 31) 15 (8; 31) 17 (9; 33) 21 (11; 34) 0.071

Elastic, dynamic MP Q1 (n = 159) Q2 (n = 160) Q3 (n = 160) Q4 (n = 159) Q5 (n = 161) p-value

90-day mortalitya 47 (36.2) 36 (26.3) 44 (30.8) 52 (39.4) 62 (45.6)d 0.009
30-day mortalityb 34 (23.1) 31 (21.1) 30 (20) 39 (27.5) 43 (28.9) 0.297

Length of ICU stay, daysc 21 (14; 33) 20 (12; 38) 23 (13; 37) 21 (14; 43) 30 (13; 49) 0.460

Invasive MV length, daysc 15 (9; 27) 16 (8; 28) 16 (9; 29) 15 (9; 32) 20 (9; 40) 0.693

Resistive, MP Q1 (n = 158) Q2 (n = 162) Q3 (n = 160) Q4 (n = 159) Q5 (n = 160) p-value

90-day mortalitya 50 (34.2) 46 (32.6) 48 (35.6) 44 (34.4) 53 (41.4) 0.622

30-day mortalityb 34 (21.9) 31 (20.7) 38 (25.9) 34 (24.3) 40 (28) 0.594

Length of ICU stay, daysc 25 (16; 38) 21 (12; 38) 20 (13; 37) 22 (11; 42) 22 (14; 40) 0.454

Invasive MV length, daysc 38 (28; 54) 32 (21; 50) 32 (22; 52) 37 (21; 59) 38 (24; 56) 0.382
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In general, a lung-protective ventilation strategy was 
implemented for patients in this cohort. The median 
tidal volume and PEEP were 6.9 (6.2; 7.6) mL/kg PBW 
and 12 (10; 14) cmH2O at the initiation of MV, similar 
to that applied after three days. Mechanical power was 
23.8 (18.8; 28.9) J/min at MV onset, with no significant 
changes observed after three days. Resistive, elastic static, 
elastic dynamic as well as total elastic and total power at 
MV start and after three days are shown in Table 1.

Outcomes according to mechanical power and other 
ventilator‑induced lung injury parameters
Table  2 presents the characteristics of survivors vs. 
deceased patients. Overall, 241 (35.5%) patients died 
within the 90-day follow-up. Non-survivors were older 
[67 (60; 74) vs 62 (53; 69) years, p < 0.001], and had higher 
APACHE-II [10 (8; 13) vs 13 (10; 18), p < 0.001] and SOFA 
scores [6 (4; 8) vs 7 (4; 8), p < 0.001,] upon ICU admission. 
Non-survivors had a higher ventilatory ratio [1.62 (1.34; 
1.99) vs 1.74 (1.46; 2.26), p < 0.001]. Regarding ventila-
tory settings and pulmonary mechanics, non-survivors 
presented with a slightly higher driving pressure [12 (10; 
14) vs. 13 (10; 15) cmH2O, p = 0.009], and mildly lower 
respiratory system compliance [36.1 (30; 45) vs. 33.6 
(27.1; 42.3) mL/cmH2O, p = 0.006]. Upon ICU admission, 
survivors had a similar median mechanical power [23.8 
(18.6; 29.1) vs. 24.6 (19.4; 31) J/min, p = 0.152] compared 
to non-survivors. However, elastic dynamic power was 
lower in survivors [5.4 (4.3; 6.9) vs 5.9 (4.4; 7.5) J/min, 
p = 0.013]. On day three, mechanical power and most of 
its components were higher in non-survivors (Table 2).

Potential predictors of 90-day mortality were evalu-
ated in three different multivariable models: Model A 
included total mechanical power, Model B included total 
elastic and resistive power, and Model C included elastic 
static, elastic dynamic and resistive power. After adjust-
ing for age, sex, days from symptoms to ICU admission, 
APACHE-II, PaO2/FiO2 ratio, pH, static compliance of 
the respiratory system, ventilatory ratio, prone position 
and corticosteroids treatment, none of the three mod-
els detected an association between mechanical power 
or its components and 90-day mortality at the initiation 
of MV (Table 3). However, total elastic power and static 
power measured after three days of MV were related to 
higher mortality (Online Table  3). When assessing the 
discriminatory ability for mortality using PEEP and Pplat, 
compared to elastic static power and total elastic power, 
the areas under the curve were similar for Pplat and total 
elastic power (p = 0.921), and for PEEP and elastic static 
power (p = 0.07) (Online Figs. 1 and 2).

Table  4 presents the association between quintiles of 
mechanical power at the start of MV with mortality and 
other secondary outcomes. The fifth quintile of elastic 

dynamic power was associated with an increase in 90-day 
compared to the second and third quintile. This associa-
tion was not significant after multivariable adjustment 
(Online Table 7).

Discussion
In this large multicenter cohort study of patients with 
COVID-19-induced acute respiratory failure who 
received lung-protective ventilation, we aimed to evalu-
ate the association of mechanical power and its compo-
nents with survival. The main findings of this study are 
as follows: first, at the start of MV, neither mechanical 
power nor any of its components were independently 
associated with mortality. Second, after three days of 
MV, although higher elastic static and total elastic power 
were associated with lower odds of survival, simpler vari-
ables such as PEEP and Pplat captured this increased 
risk in a similar manner. Overall, these findings suggest 
that mechanical power and its components have limited 
additional value in guiding mechanical ventilation in this 
population.

To the best of our knowledge, this is the largest study 
analyzing mechanical power in critically ill COVID-19 
patients undergoing invasive MV. However, the associa-
tion between mechanical power components and mor-
tality had previously been investigated in large cohorts 
of non-COVID-19-induced ARDS [6]. In contrast to our 
study, they found that the association between mechani-
cal power and mortality was primarily influenced by elas-
tic dynamic power (related to respiratory elastance or 
driving pressure). In their investigation, respiratory rate 
was independently associated with mortality, highlight-
ing the additional value of mechanical power in contrast 
to conventional VILI parameters. When we examined 
elastic dynamic power both at the initiation of MV and 
after three days, we found no association with mortality. 
The same results persisted when we divided the popula-
tion into quintiles, considering those patients at a higher 
risk of VILI. Two significant differences might explain the 
dissociation between both studies. First and foremost, a 
substantial part of the patients included in their cohort 
were not subjected to the current standards of lung-pro-
tective MV [6]. Consequently, in their study, the median 
driving pressure was notably higher, and the elastic 
dynamic power was doubled compared to ours. In con-
trast, driving pressure was clearly within lung-protective 
ranges in most patients from our cohort. Other authors 
who also analyzed respiratory mechanics in patients with 
COVID-19 found a similar distribution of driving pres-
sure, even in patients with tidal volumes higher than 
6 mL/kg PBW [12]. This might reflect clinicians’ aware-
ness of the potential harm caused by dynamic strain, 
leading to a concomitant decrease in elastic dynamic 
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power. Although less probable, the second explanation 
could be the different etiology of respiratory failure. It is 
unknown whether conditions other than COVID-19 are 
more vulnerable to VILI.

One important finding of our study is that both total 
elastic power and elastic static power, measured on day 
3 after the start of MV, were associated with a higher 
risk of mortality. As we did not find any association with 
dynamic elastic power, and considering that total elastic 
power includes both static and dynamic components, 
these results suggest that static power might contrib-
ute to lung damage over time. This finding has not been 
reported in previous studies analyzing the components 
of mechanical power, probability because they only ana-
lyzed power at MV start [6]. Within the framework of 
power, higher PEEP could contribute to lung damage as 
it would increase the basal tension of lung fibers and the 
work performed by MV during insufflation as a result. 
However, PEEP limits the harm associated to an expira-
tory phenomenon (atelectrauma) [13], and power only 
accounts for events occurring during inspiration. In this 
experimental study [14], the relationship between PEEP-
derived power and lung damage was U-shaped, rein-
forcing that both atelectrauma and overdistension are 
harmful. In our study, ventilatory ratio increased after 
three days of MV, a phenomenon that has been associ-
ated with the occurrence of fibroproliferative changes 
[15]. Consequently, it is possible that most patients 
tended to develop hyperinflation rather than recruitment 
with higher PEEP over time [16], limiting its effective-
ness in preventing lung damage or even causing harm. 
Although static elastic power and total elastic power 
were found to be associated with mortality, simpler vari-
ables such as PEEP and Pplat showed similar discrimina-
tory ability, thus making it difficult to incorporate such 
complex variables into clinical practice for guiding the 
application of MV.

The association between (total) mechanical power and 
mortality has also been investigated in other cohorts of 
mechanically ventilated patients, with or without respira-
tory failure. Several studies have reported an association 
between higher mechanical power and worse clinical out-
comes in a wide variety of critically ill patients. The asso-
ciation between mechanical power and survival has been 
reported in patients with acute brain injury [17], pediat-
ric populations [18], surgical patients [19], patients with 
COVID-19-induced acute respiratory failure [20] and in 
general ICU cohorts [5]. Similar than the study by Costa 
et  al., most of the studies were conducted in cohorts of 
patients that were not treated with lung protective MV 
and, moreover, the association between power and sur-
vival was not adjusted for relevant respiratory variables 

other than PaO2/FiO2, such as compliance and ventila-
tory ratio [5, 17–20].

Similar to other studies [6], we did not find resistive 
power to be associated with mortality. Other authors 
have shown that inspiratory flow or strain rate can 
increase lung injury [21]. However, most of the resis-
tive power is absorbed by the endotracheal tube and the 
upper airways [22], playing a limited role in lung injury.

The strengths of this study are its multicenter nature; 
the inclusion of patients across different periods (four 
waves); the addition of relevant respiratory physiological 
covariates in multivariable regression models; the inclu-
sion of total elastic power; and the performance of multi-
variable analysis on day 1 of MV and at day 3; finally, the 
mechanical ventilation practices in the CIBERESUCI-
COVID study are similar to those of contemporary ARDS 
cohorts [23], easing the extrapolation of the results to 
other types of ARDS. Our study has several limitations. 
First, it is a retrospective study and a significant number 
of eligible patients had to be excluded due to missing data 
necessary for calculating mechanical power. This might 
hamper the generalization of the results. Second, we lack 
data on intrinsic and total PEEP. Third, despite careful 
adjustment, we cannot rule out the presence of residual 
confounders.

Conclusions
Mechanical power and its components were not inde-
pendently associated with mortality in COVID-19-in-
duced acute respiratory failure at the start of MV. 
Nevertheless, after three days, static elastic power and 
total elastic power were associated with lower odds of 
survival. PEEP and Pplat, however, captured this risk in a 
similar manner. These results challenge the use of power 
and its components for clinical decision-making in this 
population. Further studies investigating the relationship 
between power components and mortality are warranted 
in patients with ARDS other than COVID-19, especially 
those treated with lung-protective strategies.
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