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Abstract 

Background Previous studies linked a high intensity of ventilation, measured as mechanical power, to mortality in 
patients suffering from “classic” ARDS. By contrast, mechanically ventilated patients with a diagnosis of COVID‑19 may 
present with intact pulmonary mechanics while undergoing mechanical ventilation for longer periods of time. We 
investigated whether an association between higher mechanical power and mortality is modified by a diagnosis of 
COVID‑19.

Methods This retrospective study included critically ill, adult patients who were mechanically ventilated for at least 
24 h between March 2020 and December 2021 at a tertiary healthcare facility in Boston, Massachusetts. The primary 
exposure was median mechanical power during the first 24 h of mechanical ventilation, calculated using a previously 
validated formula. The primary outcome was 30‑day mortality. As co‑primary analysis, we investigated whether a 
diagnosis of COVID‑19 modified the primary association. We further investigated the association between mechanical 
power and days being alive and ventilator free and effect modification of this by a diagnosis of COVID‑19. Multivari‑
able logistic regression, effect modification and negative binomial regression analyses adjusted for baseline patient 
characteristics, severity of disease and in‑hospital factors, were applied.

Results 1,737 mechanically ventilated patients were included, 411 (23.7%) suffered from COVID‑19. 509 (29.3%) 
died within 30 days. The median mechanical power during the first 24 h of ventilation was 19.3 [14.6–24.0] J/min in 
patients with and 13.2 [10.2–18.0] J/min in patients without COVID‑19. A higher mechanical power was associated 
with 30‑day mortality  (ORadj 1.26 per 1‑SD, 7.1J/min increase; 95% CI 1.09–1.46; p = 0.002). Effect modification and 
interaction analysis did not support that this association was modified by a diagnosis of COVID‑19 (95% CI, 0.81–1.38; 
p‑for‑interaction = 0.68). A higher mechanical power was associated with a lower number of days alive and ventilator 
free until day 28  (IRRadj 0.83 per 7.1 J/min increase; 95% CI 0.75–0.91; p < 0.001, adjusted risk difference − 2.7 days per 
7.1J/min increase; 95% CI − 4.1 to − 1.3).
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Conclusion A higher mechanical power is associated with elevated 30‑day mortality. While patients with COVID‑19 
received mechanical ventilation with higher mechanical power, this association was independent of a concomitant 
diagnosis of COVID‑19.

Keywords COVID‑19, Intensive care unit, Respiratory distress syndrome, Respiratory insufficiency, New England, 
Ventilator‑induced lung injury

Background
During invasive mechanical ventilation, the patient’s 
lungs are subject to tearing and shearing forces, which 
can lead to ventilator-associated lung injury [1]. The con-
cept of mechanical power seeks to integrate these forces, 
exerted through respiratory rate, inspiratory volume 
and pressure into a single measure, with the goal of esti-
mating the energy affecting the respiratory system. This 
measure provides potential insight into the risk of venti-
lator-associated lung injury [2–4].

Previous studies proposed that high mechanical power 
is associated with higher hospital mortality in critically 
ill patients undergoing invasive mechanical ventilation 
for “classic” ARDS [5–8]. The coronavirus disease-2019 
(COVID-19) pandemic has challenged intensive care 
units (ICU) worldwide and had a high impact on mor-
tality in mechanically ventilated patients [9–13]. There 
is a debate whether pulmonary and respiratory system 
mechanics of mechanically ventilated patients due to 
COVID-19 consistently reflect those of patients suffer-
ing from “classic” acute respiratory distress syndrome 
(ARDS) [14–21]. In addition, patients with respiratory 
failure from COVID-19 often require mechanical venti-
lation for a longer period of time [14] and consequently 
may be subjected to higher, cumulative amounts of stress 
and strain. Previous reports suggested that there was no 
association between classic independent measures of 
stress, such as driving pressure, but mechanical power 
and 28-day mortality in patients with COVID-19 [22]. 
It is currently unclear whether an association between 
mechanical power and mortality differs in mechanically 
ventilated patients due to COVID-19 [14]. We investi-
gated whether a higher mechanical power is associated 
with mortality in critically ill, mechanically ventilated 
patients, and whether any association is modified by a 
diagnosis of COVID-19.

Methods
Study design and setting
In this hospital registry study, we analyzed ICU cases at 
Beth Israel Deaconess Medical Center, an academic ter-
tiary healthcare facility in Boston, Massachusetts, United 
States of America, between March 2020 and December 
2021. Adult patients who underwent invasive, controlled 

mechanical ventilation for more than 24  h in between 
March 2020 and December 2021 were screened for inclu-
sion in this study. Data were retrieved from electronic 
hospital management databases, strictly de-identified, 
and subsequently merged into a research data reposi-
tory. All procedures were followed in accordance to the 
Helsinki Declaration of 1975. This study was reviewed 
by the institutional review board (IRB) at Beth Israel 
Lahey Health, which determined that it met the crite-
ria for exempt status (study title “Association between 
mechanical power and 30-day mortality in mechanically 
ventilated patients during the COVID-19 pandemic: 
a hospital registry study”, approved on 13th July 2022, 
protocol number #2022P000458). The requirement for 
informed consent was waived. Additional file  1: Digital 
Content, section S1.1 provides further details related to 
data sources. This manuscript adheres to the STROBE 
guidelines and the RECORD statements [23, 24].

Exposure and outcome measures
The primary exposure was the median mechanical power 
during the first 24  h of controlled mechanical ventila-
tion, defined as: mechanical power (J/min) = 0.098*RR*
Vt*(PEEP + ½[Pplat − PEEP] + [Ppeak − Pplat]) (respiratory 
rate, RR; tidal volume, Vt; peak inspiratory pressure, Ppeak; 
plateau Pressure, Pplat; positive end-expiratory pressure, 
PEEP) [4, 25]. Average mechanical power was calculated 
for the first 24 h of mechanical ventilation. The primary 
outcome was all-cause mortality within 30  days from 
the start of invasive ventilation. The co-primary analysis 
effect modifier was a diagnosis of COVID-19, defined as 
a confirmed positive severe acute respiratory syndrome 
coronavirus type 2 polymerase chain reaction test or 
International Classification of Diseases -10 diagnosis of 
COVID-19. Additional details on the definition of expo-
sure and outcome are provided in Additional file 1: Digi-
tal Content, section S1.3.

Confounder model
All analyses were adjusted for a priori defined confound-
ers based on literature review and clinical plausibility [22, 
25]. These variables included the quarter of the pandemic 
and patient demographics such as age, sex, body mass 
index, as well as comorbidities, such as chronic obstruc-
tive or restrictive lung diseases and smoking status. 
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Further, the Acute Physiology And Chronic Health Evalu-
ation score [26] incorporating patient age, vital signs such 
as heart rate and body temperature, as well as sodium, 
potassium and creatinine levels as well as hematocrit, 
and the Elixhauser Comorbidity Index [27] incorporat-
ing various comorbidities such as renal failure, diabetes, 
metastatic cancer, and pulmonary circulation disorders 
were defined as confounding variables. Consistent with 
the definition of the primary exposure, confounding vari-
ables were calculated within the first 24  h of controlled 
mechanical ventilation. Observations with missing items 
of the APACHE-II score were imputed (Additional file 1: 
Digital Content, section S1.4).

Analyses were further adjusted for the administration 
of opioids, vasopressors, non-depolarizing neuromus-
cular blocking agent infusion [28, 29], fluid balance, the 
occurrence of prone positioning, the presence of a high 
N-terminal prohormone of brain natriuretic peptide and 
high D-Dimer [30, 31]. Further details related to the con-
founding model are provided in Additional file 1: Digital 
Content, section S1.4.

Primary and co‑primary analyses
In the primary analysis, we assessed the association 
between mechanical power and mortality within 30 days 
after the start of invasive ventilation using multivariable 
logistic regression analysis. Conditional on an associa-
tion between mechanical power and 30-day mortality, we 
conducted the co-primary analysis, where we assessed a 
potential effect modification of the primary association 
by a diagnosis of COVID-19. We first applied interaction 
analysis followed by an analysis stratified by a diagnosis 
of COVID-19 [32–34]. Further details related to the co-
primary analysis are provided in Additional file 1: Digital 
Content, section S2.

Secondary and exploratory analyses
In secondary analyses, we examined the influence of each 
single parameter utilized for calculation of mechani-
cal power (driving pressure, tidal volume, respiratory 
rate, and PEEP) by dominance analysis [35]. Previously, 
three major components of mechanical power have 
been described [36]—a “static” component from PEEP, a 
dynamic elastic component that reflects energy applied 
to expand the lung and chest wall and a dynamic resistive 
component which reflects energy applied to overcome 
airway resistance. In an additional dominance analysis, 
we examined the relative influence of each of the pre-
vious components on 30-day mortality and examined 
potential effect modification by a patient’s COVID-19 
status if an association is significant.

Additionally, we investigated the association of 
mechanical power with being alive at day 28 and the 

number of ventilator-free days after initiation of mechan-
ical ventilation [37].

To address potential differences in patient’s respira-
tory system mechanics, we reinvestigated our primary 
association in an exact-matched cohort (1:1, caliper 
0.01), based on patients’ baseline static respiratory sys-
tem compliance, standardized to ideal body weight and 
determined within the first six hours of mechanical ven-
tilation. Details on all secondary analyses are provided in 
Additional file 1: Digital Content, section S3.

With an exploratory intent, we conducted a sub-
group analysis in patients presenting with a  PaO2/FiO2 
ratio < 300 mmHg [38].

Additionally, we investigated the primary and co-
primary association with the calculation of mechanical 
power at day 2 [5], the median mechanical power of the 
first 72  h of mechanical ventilation, as well as with in-
ICU mortality, 7-day, 14-day and 28-day in- and out of 
hospital mortality.

Sensitivity analyses
We conducted multiple sensitivity analyses to test the 
robustness of the primary and co-primary models, which 
included additional adjustment for (1) pH and partial 
arterial oxygen pressure to fraction of inspired oxygen 
ratio (P/F ratio); (2) utilization of inspiratory and expira-
tory transpulmonary pressure measurements to calculate 
lung-directed mechanical power [39], when available; 
(3) sedation and analgesia at day one and day two of 
mechanical ventilation; (4) high-flow oxygen or non-
invasive ventilation therapy prior to mechanical ventila-
tion; (5) a subgroup analysis only in patients receiving 
infusions of neuromuscular blocking agents (NMBA) at 
any given time point during their course of mechanical 
ventilation; (6) normalizing mechanical power to ideal 
body weight [8]; re-assessment of the primary analysis 
(7) in a cohort without imputation of missing data for 
the APACHE-II score and with multiple imputation of all 
missing confounders; (8) a subgroup analysis in only the 
first case patient of each patient during the study period; 
(9) re-evaluation of the primary association in a cohort 
weighted through propensity score matching; and (10) 
average treatment effects analysis in a cohort weighted 
through inverse probability treatment weighting; (11) 
by excluding patients in the period March to May 2020. 
Details on all sensitivity analyses are provided in Addi-
tional file 1: Digital Content, section S4.

Statistical analyses
For primary and secondary analyses, multivariable logis-
tic regression analyses, as well as negative binomial 
regression models were performed. Linear combinations 
of the main effect and interaction terms were calculated 
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to assess effect modification of the primary association 
by COVID-19 [32–34, 40]. Adjusted odds ratios  (ORadj) 
and 95% confidence intervals (CI) are reported for mul-
tivariable logistic regression models, with alpha set to 
0.05. Continuous variables were classified into clinically 
relevant categories. Analyses were performed using Stata 
(Version 16.0, StataCorp LLC, College Station, Texas, 
USA) and R Statistical Software (Version 4.1.0, Founda-
tion for Statistical Computing, Vienna, Austria). Power 
analyses were conducted using G*Power [41]. Further 
details on our statistical analyses, including assessment of 
model fit and calibration are provided in Additional file 1: 
Digital Content, section S1.2.

Results
Study cohort and characteristics
A total of 1,737 patients were included in this study 
(Fig.  1). Out of these, 509 (29%) patients died within 
30  days after the start of invasive ventilation. The 
median (IQR) mechanical power in the cohort was 

14.5 (10.7–19.8) J/min. The distribution of mechanical 
power is depicted in Fig.  2. The median (IQR) dura-
tion of mechanical ventilation was 107.2 (53.4–234.6) 
hours. 411 (23.7%) patients suffered from COVID-19. 
These patients were ventilated for a median 247 (121–
442) hours, compared to 86 (46–173) hours in non-
COVID-19 patients. Further details related to patient 
characteristics and the distribution of variables by 
COVID-19 diagnosis are provided in Table 1.

Primary analysis
The mean mechanical power for patients who died ver-
sus patients who did not die within 30  days after the 
start of mechanical ventilation was 15.2 ± 6.7 J/min and 
18.0 ± 7.8J/min, respectively. In unadjusted analyses, 
there was a significant association between a higher 
mechanical power and 30-day mortality (OR 1.45 per 
1-SD increase, 7.1 J/min; 95% CI, 1.31–1.60; p < 0.001). 
After confounder adjustment, these results remained 
consistent  (ORadj 1.26 per 1-SD increase, 7.1J/min; 95% 
CI, 1.09–1.46; p = 0.002), corresponding to an adjusted 
absolute risk increase of 3.9% (95% CI, 1.4–6.3) per 
each 7.1 J/min increase.

Among COVID-19 patients, the mean mechanical 
power was 19.9 ± 7.5  J/min, compared to 14.8 ± 6.5  J/
min in the 1,326 (77.3%) patients not suffering from 
COVID-19. There was no interaction between mechan-
ical power and a diagnosis of COVID-19 with regard 
to 30-day mortality (95% CI, 0.81–1.38; p-for-interac-
tion = 0.68). Stratified analyses further did not support 
effect modification (Additional file  1: Digital Content, 
section S2).

Fig. 1 Study flow diagram. BMI body mass index. *385 patients with 
missing APACHE‑II scores were imputed

Fig. 2 Distribution of mechanical power. Histograms depicting mechanical power distribution between a patients with and without 30‑day 
mortality (median [interquartile range] mechanical power in patients who died within 30 days after start of invasive ventilation was 16.8 [12.0–22.3] 
J/min and in patients who survived 13.7 [10.2–18.6] J/min); and b patients with and without Coronavirus Disease 2019 (19.3 [14.6–24.0] J/min in 
patients with and 13.2 [10.2–18.0] J/min in patients without the disease)
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Table 1 Patient characteristics and distribution of variables by diagnosis of COVID‑19

Patient characteristics and distribution of variables by the diagnosis of COVID-19

Data are expressed as frequency (prevalence in %), or median (interquartile range [25th–75th percentile])

BMI body mass index, COVID-19 Coronavirus Disease 2019, IBW ideal body weight, P/F ratio ratio of partial pressure of oxygen in arterial blood and the fraction of 
oxygen in the inhaled air, MAP mean arterial blood pressure, NMBA neuromuscular blocking agents, OME oral morphine equivalent, CO2 carbon dioxide, NT-proBNP 
N- terminal prohormone of brain natriuretic peptide, mEq milliequivalent; APACHE-II Acute Physiology And Chronic Health Evaluation II

No diagnosis of COVID‑19 Diagnosis of COVID‑19 Std. diff
N = 1326 N = 411

Demographics

 Age, years 65 (54–74) 63 (54–72) 0.10

 BMI, kg/m2 27.6 (23.6–32.6) 30.8 (26.1–36.1) − 0.37

 Sex, female 518 (39.1%) 154 (37.5%) − 0.03

Comorbidities

 Chronic lung disease 458 (34.5%) 145 (35.3%) − 0.02

 Congestive Heart failure 457 (34.5%) 89 (21.7%) 0.29

 Renal failure 360 (27.1%) 96 (23.4%) 0.09

 Liver disease 363 (27.4%) 75 (18.2%) 0.22

 Diabetes mellitus 451 (34%) 160 (38.9%) − 0.10

 Elixhauser comorbidity score 20 (12–27) 15 (8–23) 0.39

 Smoking 686 (51.7%) 163 (39.7%) 0.24

In‑hospital factors during first 24 h of mechanical ventilation

 Total duration of mechanical ventilation, hours 97.6 (49.1–215.2) 267.4 (134.5–496.9) − 0.61

 Respiratory rate, 1/min 21 (18–25) 25 (20.5–28) − 0.64

 Positive end‑expiratory pressure,  cmH2O 5 (5–8) 11 (8–14) − 1.19

 Plateau pressure,  cmH2O 17.5 (15–21) 23.2 (20–27) − 1.06

 Tidal volume, ml/kg IBW 6.4 (6–6.9) 6.1 (5.8–6.6) 0.38

 P/F ratio, mmHg 164 (101.3–314) 133.8 (92–204.7) 0.38

 Driving pressure,  cmH2O 11 (9–13) 11.5 (10–14) − 0.24

 Baseline standardized compliance, (ml/kg)/cmH2O 0.6 (0.5–0.7) 0.5 (0.4–0.6) 0.19

 Baseline standardized elastance,  cmH2O/(ml/kg) 1.8 (1.4–2.1) 1.9 (1.6–2.4) − 0.22

 Positioned in prone position 26 (2%) 151 (36.7%) − 0.98

 Use of esophageal manometry 80 (6%) 186 (45.3%) − 1.00

 Fluid balance, ml 104 (− 1162–1530.6) − 784.9 (− 1627.8–268.6) 0.47

 Heart rate, 1/min 83 (72–96) 79.5 (69–92) 0.19

 Times MAP below 55 mmHg 0 (0–2) 1 (0–5) − 0.28

 Any midazolam administered 298 (22.5%) 177 (43.1%) − 0.45

 Administered propofol, mg 2990.4 (1327.4–4593) 4979 (2965–6905) − 0.67

 Administered vasopressors, mcg/kg norepinephrine equivalents 90.8 (2.4–367.7) 83.8 (19.2–219.6) 0.20

 Continuous non‑depolarizing NMBA infusion 75 (5.7%) 159 (38.7%) − 0.87

 Administered opioids, mg OME 301.6 (50–577.3) 864.2 (468.2–1206.6) − 1.07

 Arterial pH 7.4 (7.3–7.4) 7.3 (7.3–7.4) 0.21

 Partial pressure of arterial  CO2, mmHg 41 (36–46) 45 (41–52) − 0.51

 D‑Dimer > 500 ng/ml 62 (4.7%) 155 (37.7%) − 0.88

 Appearance of elevated NT‑proBNP, age adjusted 59 (4.4%) 19 (4.6%) − 0.01

 Creatinine, mg/dL 1.2 (0.8–2.1) 1.2 (0.9–2.1) 0.00

 Potassium, mEq/L 4.1 (3.8–4.6) 4.3 (3.9–4.7) − 0.17

 Sodium, mEq/L 138.5 (135–141.5) 138.5 (135–141) − 0.02

 Hematocrit, L/L 30.5 (26.1–36) 34.6 (30.1–39.1) − 0.48

 White blood cells, cells per μL 12.5 (8.7–17.6) 10.5 (7.7–15.4) 0.15

 APACHE‑II‑Score 24 (19–29) 25 (20–28) − 0.04



Page 6 of 10Azizi et al. Journal of Intensive Care           (2023) 11:14 

Secondary and exploratory analyses
Compared to tidal volume, PEEP and driving pressure, 
respiratory rate had the highest contribution to 30-day 
mortality, followed by driving pressure (Fig.  3a). Upon 
comparing the static, dynamic elastic and dynamic resis-
tive components of mechanical power, the dynamic 
elastic component was the only significant predictor of 
mortality (Fig. 3b) and this association was not modified 
by a diagnosis of COVID-19 (95% CI 0.79–1.03; p-for-
interaction 0.11).

A higher mechanical power was associated with a lower 
number of alive and ventilator-free days until day 28 
 (IRRadj 0.83 per 1-SD increase, 7.1  J/min; 95% CI, 0.75–
0.91; p < 0.001, adjusted absolute difference −  2.7  days 
per 7.1J/min increase; 95% CI, − 4.0 to − 1.3, p < 0.001). 
This effect was magnified in COVID-19 patients  (IRRadj 
0.88 per 1-SD increase, 7.1  J/min; 95% CI, 0.79–0.98; 
p-for-interaction = 0.008) with an adjusted absolute dif-
ference in COVID-19 patients of -3.96  days per 7.1  J/
min increase; 95% CI, − 6.19 to − 1.72; and − 1.96 days 
per 7.1 J/min increase; 95% CI, − 3.56 to − 0.36 in non-
COVID-19 patients.

Before matching, the median (IQR) baseline stand-
ardized static respiratory system compliance was 0.51 
(0.42–0.63) (ml/kg)/cmH2O and 0.62 (0.51–0.75) (ml/
kg)/cmH2O (std. diff. = 0.50) for patients receiving 
high (≥ 14.5  J/min) versus low (< 14.5  J/min) mechani-
cal power, respectively. 1,190 patients were matched. 
Standardized static respiratory system compliance in the 
matched cohort was 0.56 (0.49–0.67) (ml/kg)/cmH2O 
and 0.56 (0.48–0.67) (ml/kg)/cmH2O (std. diff. = 0.02, 

Fig. 4) for patients that received high versus low mechan-
ical power. A high mechanical power was associated with 
a higher risk of 30-day mortality  (ORadj 1.44; 95% CI, 
1.02–2.04; p = 0.038, adjusted risk difference 6.0%; 95% 
CI, 0.3–11.6). This association was not modified by a 
diagnosis of COVID-19 (p-for-interaction = 0.55).

Details on our secondary analyses are provided in 
Additional file 1: Digital Content, section S3.

Among our study cohort, 1,243 (71.5%) patients pre-
sented with a  PaO2/FiO2 ratio < 300  mmHg. Analyses 
in this sub-cohort yielded robust results of the primary 
 (ORadj 1.24 per 1-SD, 7.1J/min increase; 95% CI 1.05–
1.46; p = 0.010) and co-primary association  (ORadj 
1.10 per 1-SD, 7.1J/min increase; 95% CI 0.82–1.47; 
p-for-interaction = 0.53).

Exploratory analyses revealed a significant associa-
tion of mechanical power with in-ICU mortality (ORadj 
1.33 per 1-SD increase, 7.1  J/min; 95% CI, 1.14–1.55; 
p < 0.001), 7-day mortality (ORadj 1.23 per 1-SD increase, 
7.1J/min; 95% CI, 1.03–1.48; p = 0.025), 14-day mortality 
(ORadj 1.25 per 1-SD increase, 7.1 J/min; 95% CI, 1.09–
1.49; p = 0.002), and 28-day mortality (ORadj 1.27 per 
1-SD, 7.1J/min increase; 95% CI 1.10–1.48; p = 0.001). 
Neither of these associations were modified by a diagno-
sis of COVID-19.

After recalculating mechanical power at day two as 
well as the first 72  h of mechanical ventilation, the pri-
mary results remained robust for the primary and co-
primary analysis for day two (ORadj 1.39 per 1-SD, 7.8J/
min increase; 95% CI 1.18–1.64; p < 0.001 and p-for-inter-
action = 0.96), as well as for the first 72 h of mechanical 

Fig. 3 Dominance analyses. Relative dominance of a individual parameters of mechanical power and b different components of mechanical power 
with regard to prediction of 30‑day mortality. Higher R‑squared values depict a higher dominance in predicting 30‑day mortality
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ventilation (ORadj 1.21 per 1-SD, 7.5J/min increase; 95% 
CI 1.02–1.43; p = 0.025 and p-for-interaction = 0.38), 
respectively.

Sensitivity analyses
The primary associations remained robust throughout all 
sensitivity analyses. Details on all sensitivity analyses are 
provided in Additional file 1: Digital Content, section S4.

Discussion
In this cohort of 1,737 critically ill patients that under-
went controlled mechanical ventilation for more than 
24 consecutive hours, a higher mechanical power was 
associated with a higher risk of mortality within 30 days 
after the start of invasive ventilation. This association 
was independent of whether patients had a concomitant 
diagnosis of COVID-19. In addition, a higher mechanical 
power was associated with a lower number of days alive 
and ventilator-free, which was slightly more pronounced 
in patients suffering COVID-19. Among parameters 
included in mechanical power, the respiratory rate, fol-
lowed by driving pressure, had the strongest contribution 
to 30-day mortality. Dissecting mechanical power into 
static, dynamic elastic and dynamic resistive components 
revealed that only the dynamic elastic component was 
significantly associated with mortality both in patients 
with and without COVID-19.

Our study corroborates and extends the findings of 
a previous post hoc analysis [5] as well as a retrospec-
tive study [22] reporting that higher mechanical power 
was associated with increased 28-day mortality in 
patients with respiratory failure due to COVID-19. In 
our study, mechanical power predicted mortality in both 

COVID-19 and non-COVID-19 patients, which suggests 
that the development of ventilator induced lung injury 
through mechanical power is applicable in patients inde-
pendent of this etiology of respiratory failure.

Previously, different phenotypes of COVID-19 were 
proposed [18] and ventilation with low PEEP in many 
COVID-19 patients was suggested [19]. In addition, res-
piratory failure during COVID-19 has been proposed 
to be driven by ventilation–perfusion mismatching, 
which would be independent from patients’ pulmonary 
mechanics [19, 42]. By contrast, our study supports 
previous reports on similar respiratory system mechan-
ics between COVID-19 and non-COVID-19 patients 
[21, 43] and that a concept of high-intensity mechanical 
ventilation is associated with mortality in both patient 
populations.

Our findings corroborate previous studies [20, 44–48] 
as we found that the dynamic elastic component, mainly 
driven by driving pressure, was the only predictive com-
ponent when compared to the dynamic resistive and 
static components (the component provided in the equa-
tion by PEEP). When comparing the individual param-
eters of mechanical power, respiratory rate had an even 
bigger contribution on predicting mortality than driv-
ing pressure, while it received less attention in literature 
[49, 50]. This may be in part attributed to the consistent 
application of lung protective ventilation which heavily 
focuses on driving pressure as a clinical target, but our 
findings also support the need for a concept that inte-
grates respiratory rate in addition of stress and strain per 
breath.

PEEP may have variable impact depending on the 
individual patient, resulting in overdistension if set too 

Fig. 4 Respiratory system compliance before a and after b matching. Distribution of standardized respiratory system compliance, defined as the 
initial respiratory system compliance normalized to ideal body weight, for patients whose lungs were ventilated with low (light grey) versus high 
(red) median mechanical power before a and after b matching for respiratory system compliance. Low versus high mechanical power was defined 
based on the cohort median of 14.5 J/min
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high, or lung collapse if set too low [51]. The use of PEEP 
within the mechanical power calculation is controversial 
[36]. While very high levels of PEEP can promote lung 
injury due to higher stress and strain (which may also 
increase the dynamic component of mechanical power 
secondary to increased driving pressure), many patients 
require higher levels of PEEP to optimize mechanics 
through avoidance of lung collapse. Our data corrobo-
rate these critiques as we could not find any association 
between the PEEP-driven mechanical power component 
and 30-day mortality.

It remains unclear whether mechanical power is a 
marker for illness severity and impaired lung mechanics 
or a modifiable parameter to target during clinical care 
[36]. We noted, however, that both high and low mechan-
ical power could occur in patients with poor baseline 
respiratory system compliance depending on variability 
in clinical care. We reinvestigated our primary associa-
tion in a cohort matched by baseline respiratory system 
compliance calculated from ventilatory parameters after 
intubation. High mechanical power was associated with a 
higher risk of 30-day mortality, even after exact matching 
for baseline dynamic respiratory system compliance.

Recent data from our group suggest that mechanical 
power is modifiable with changes in tidal volumes and 
respiratory rate resulting in changes in resulting power 
with variable impact based upon lung mechanics [25, 52]. 
This compliance matching, while not directly proving 
causality or that power is modifiable, suggests that power 
is more than a simple marker for disease severity and that 
the association between 30-day mortality and mechanical 
power is not influenced by COVID-19, regardless of the 
patient’s respiratory system compliance.

Based on our findings, physicians should pay attention 
to mechanically ventilated patients in the ICU receiving 
high mechanical power, especially when adjusting res-
piratory rate and driving pressure. Our study supports 
clinical practice of lung protective ventilation aimed at 
lowering the driving pressure and tidal volume, however, 
based on our findings, clinicians should pay attention 
also when increasing respiratory rate. Indeed, reduc-
ing respiratory rate might be an important step to lower 
the applied mechanical power, which could be achieved 
by tolerating permissive hypercapnia. The risks/benefits 
of such a practice remain beyond the scope of this paper, 
however, and future prospective studies are warranted to 
confirm our observations.

Limitations
The retrospective study design could be susceptible to 
bias that might confound the results. A causal relation-
ship between high mechanical power and mortality 
cannot be established. Limitations might as well arise 

from the definition of COVID-19 due to missing data 
on outpatient tests and previous, potentially unidenti-
fied COVID-19 infections. Limitations might as well 
arise from the definition of COVID-19 due to missing 
data on outpatient tests and previous, potentially uni-
dentified COVID-19 infections. In addition, this was a 
single-center study in an academic health care network 
in New England, and our findings should be investigated 
in different hospital settings and geographical locations. 
However, our observations reflect investigations by oth-
ers [22]. In addition, the situation of limited resources 
especially during the initial phases of the pandemic does 
not reflect current situations in intensive care units in 
most countries. However, a sensitivity analysis exclud-
ing this specific period yielded robust results. In addition, 
information whether a patient was admitted intubated 
and how long they were ventilated before admission to 
the ICU is unknown. However, we performed several 
sensitivity analyses, including propensity score analyses 
with inverse treatment probability weighting and gen-
eralized propensity score matching to minimize poten-
tial bias. Further, highly granular data on vital signs and 
laboratory values allowed us to adjust for the APACHE-II 
score, an established risk assessment tool for ICU mor-
tality. Our strength points rely on the adjustment of our 
model to strong predictors of mortality in COVID-19, 
such as D-Dimer and NT-proBNP. Thus, we believe that 
our study helps inform clinicians and contributes to the 
design of future randomized controlled trials investigat-
ing the association between mechanical power and mor-
tality in critically ill patients.

Conclusion
A higher mechanical power is associated with an 
increased risk of 30-day mortality and lower days alive 
and ventilator free in critically ill patients. These findings 
did not differ between COVID-19 and non-COVID-19 
patients. We identified the respiratory rate and driving 
pressure as the key drivers of the association between 
mechanical power and mortality. Physicians should care-
fully adjust these parameters to ensure adequate mechan-
ical ventilation in patients with and without COVID-19.

Abbreviations
ICU  Intensive care unit
ARDS  Acute respiratory distress syndrome
COVID‑19  Coronavirus disease 2019
RR  Respiratory rate
Vt  Tidal volume
PIP  Peak inspiratory pressure
Pplat  Plateau pressure
PEEP  Positive end‑expiratory pressure
APACHE‑II  Acute Physiology and Chronic Health Evaluation
NT‑proBNP  N‑terminal prohormone of brain natriuretic peptide
P/F‑ratio  Partial arterial oxygen pressure to fraction of inspired oxygen ratio



Page 9 of 10Azizi et al. Journal of Intensive Care           (2023) 11:14  

NMBA  Neuromuscular blocking agents
ORadj  Adjusted odds ratios
CI  Confidence intervals
IRRadj  Adjusted incidence rate ratios
SD  Standard deviation
IQR  Interquartile range
AU‑ROC  Area under the receiver operating characteristic

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40560‑ 023‑ 00662‑7.

Additional file 1. Additional details on methods and results.

Acknowledgements
Not applicable.

Author contributions
BAA, EBK and MSS were responsible for the study design. BAA, AS, SR, GC and 
MSS were responsible for the analyses. BA and EA, TMT, EBK, and MSS wrote 
the manuscript text. BA and RMA were responsible for the data preparation 
and collection. RMA prepared the figures. RMA, DT and BJ revised the manu‑
script. EBK, and MSS contributed equally in supervising and guiding the co‑
authors. All authors reviewed the manuscript. All authors read and approved 
the final manuscript.

Funding
Not applicable.

Availability of data and materials
The dataset used is available upon a justified request.

Declarations

Ethics approval and consent to participate
This study was reviewed by the institutional review board at Beth Israel Lahey 
Health, which determined that it met the criteria for exempt status (protocol 
number #2022P000458).

Consent for publication
The requirement for informed consent was waived.

Competing interests
DT received speaking fees and grant funds from Hamilton Medical, Inc. and 
Mindray Medical, outside the submitted work. EBK has received lecturing fees 
from Hamilton Medical, Inc., outside the submitted work and has received 
a KL2 award from Harvard Catalyst | The Harvard Clinical and Translational 
Science Center (National Center for Advancing Translational Sciences, National 
Institutes of Health award No. KL2 TR002542). MSS has received a grant for 
investigator‑initiated trials not related to this article from Merck & Co and 
received speaking fees from Mindray Medical, Inc. MSS also received a phil‑
anthropic donation from Jeff and Judy Buzen. The other authors declare no 
competing interests.

Author details
1 Department of Anesthesia, Critical Care and Pain Medicine, Beth Israel Dea‑
coness Medical Center, Harvard Medical School, Brookline Ave 330, Boston, 
MA, USA. 2 Center for Anesthesia Research Excellence (CARE), Beth Israel 
Deaconess Medical Center, Harvard Medical School, Boston, MA, USA. 3 Divi‑
sion of Pulmonary and Critical Care, Beth Israel Deaconess Medical Center, 
Harvard Medical School, Boston, MA, USA. 4  Department of Anesthesiology, 
Duesseldorf University Hospital, Duesseldorf, Germany. 

Received: 1 February 2023   Accepted: 31 March 2023

References
 1. Brochard L, Slutsky A, Pesenti A. Mechanical ventilation to minimize pro‑

gression of lung injury in acute respiratory failure. Am J Respir Crit Care 
Med. 2017;195:438–42.

 2. Cressoni M, Gotti M, Chiurazzi C, Massari D, Algieri I, Amini M, et al. 
Mechanical power and development of ventilator‑induced lung injury. 
Anesthesiology. 2016;124:1100–8.

 3. Gattinoni L, Tonetti T, Cressoni M, Cadringher P, Herrmann P, Moerer O, 
et al. Ventilator‑related causes of lung injury: the mechanical power. 
Intensive Care Med. 2016;42:1567–75.

 4. Chiumello D, Gotti M, Guanziroli M, Formenti P, Umbrello M, Pasticci I, 
et al. Bedside calculation of mechanical power during volume‑ and pres‑
sure‑controlled mechanical ventilation. Crit Care Lond Engl. 2020;24:417.

 5. Serpa Neto A, Deliberato RO, Johnson AEW, Bos LD, Amorim P, Pereira 
SM, et al. Mechanical power of ventilation is associated with mortality in 
critically ill patients: an analysis of patients in two observational cohorts. 
Intensive Care Med. 2018;44:1914–22.

 6. Costa ELV, Slutsky AS, Brochard LJ, Brower R, Serpa‑Neto A, Cavalcanti 
AB, et al. Ventilatory variables and mechanical power in patients 
with acute respiratory distress syndrome. Am J Respir Crit Care Med. 
2021;204:303–11.

 7. Coppola S, Caccioppola A, Froio S, Formenti P, De Giorgis V, Galanti V, et al. 
Effect of mechanical power on intensive care mortality in ARDS patients. 
Crit Care Lond Engl. 2020;24:246.

 8. Zhang Z, Zheng B, Liu N, Ge H, Hong Y. Mechanical power normalized to 
predicted body weight as a predictor of mortality in patients with acute 
respiratory distress syndrome. Intensive Care Med. 2019;45:856–64.

 9. Tasaka S, Ohshimo S, Takeuchi M, Yasuda H, Ichikado K, Tsushima K, et al. 
ARDS clinical practice guideline 2021. J Intensive Care. 2022;10:32.

 10. Musheyev B, Borg L, Janowicz R, Matarlo M, Boyle H, Singh G, et al. Func‑
tional status of mechanically ventilated COVID‑19 survivors at ICU and 
hospital discharge. J Intensive Care. 2021;9:31.

 11. Lim ZJ, Subramaniam A, Ponnapa Reddy M, Blecher G, Kadam U, Afroz 
A, et al. Case fatality rates for patients with COVID‑19 requiring invasive 
mechanical ventilation. A meta‑analysis. Am J Respir Crit Care Med. 
2021;203:54–66.

 12. Jung C, Flaatten H, Fjølner J, Bruno RR, Wernly B, Artigas A, et al. The 
impact of frailty on survival in elderly intensive care patients with COVID‑
19: the COVIP study. Crit Care Lond Engl. 2021;25:149.

 13. Clinical characteristics and day‑90 outcomes of 4244 critically ill 
adults with COVID‑19: a prospective cohort study. Intensive Care Med. 
2021;47:60–73.

 14. Baedorf Kassis E, Schaefer MS, Maley JH, Hoenig B, Loo Y, Hayes MM, et al. 
Transpulmonary pressure measurements and lung mechanics in patients 
with early ARDS and SARS‑CoV‑2. J Crit Care. 2021;63:106–12.

 15. Fariña‑González TF, Núñez‑Reiz A, Yordanov‑Zlatkov V, Latorre J, Calle‑
Romero M, Alonso‑Martinez P, et al. Hourly analysis of mechanical ventila‑
tion parameters in critically ill adult COVID‑19 patients: association with 
mortality. J Intensive Care Med. 2022;37:1606–13.

 16. Becker A, Seiler F, Muellenbach RM, Danziger G, Kamphorst M, Lotz 
C, et al. Pulmonary hemodynamics and ventilation in patients with 
COVID‑19‑related respiratory failure and ARDS. J Intensive Care Med. 
2021;36:655–63.

 17. Gattinoni L, Chiumello D, Rossi S. COVID‑19 pneumonia: ARDS or not? Crit 
Care Lond Engl. 2020;24:154.

 18. Gattinoni L, Chiumello D, Caironi P, Busana M, Romitti F, Brazzi L, et al. 
COVID‑19 pneumonia: different respiratory treatments for different 
phenotypes? Intensive Care Med. 2020;46:1099–102.

 19. Gattinoni L, Gattarello S, Steinberg I, Busana M, Palermo P, Lazzari S, et al. 
COVID‑19 pneumonia: pathophysiology and management. Eur Respir 
Rev Off J Eur Respir Soc. 2021;30: 210138.

 20. Bellani G, Laffey JG, Pham T, Fan E, Brochard L, Esteban A, et al. Epidemiol‑
ogy, patterns of care, and mortality for patients with acute respira‑
tory distress syndrome in intensive care units in 50 countries. JAMA. 
2016;315:788.

 21. Grasselli G, Cattaneo E, Florio G, Ippolito M, Zanella A, Cortegiani A, et al. 
Mechanical ventilation parameters in critically ill COVID‑19 patients: a 
scoping review. Crit Care. 2021;25:115.

 22. Schuijt MTU, Schultz MJ, Paulus F, Serpa Neto A, PRoVENT–COVID Col‑
laborative Group. Association of intensity of ventilation with 28‑day 

https://doi.org/10.1186/s40560-023-00662-7
https://doi.org/10.1186/s40560-023-00662-7


Page 10 of 10Azizi et al. Journal of Intensive Care           (2023) 11:14 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

mortality in COVID‑19 patients with acute respiratory failure: insights 
from the PRoVENT‑COVID study. Crit Care Lond Engl. 2021;25:283.

 23. von Elm E, Altman DG, Egger M, Pocock SJ, Gøtzsche PC, Vandenbroucke 
JP, et al. The Strengthening the Reporting of Observational Studies in 
Epidemiology (STROBE) statement: guidelines for reporting observational 
studies. PLoS Med. 2007;4: e296.

 24. Benchimol EI, Smeeth L, Guttmann A, Harron K, Moher D, Petersen I, et al. 
The REporting of studies conducted using observational routinely‑
collected health data (RECORD) statement. PLoS Med. 2015;12: e1001885.

 25. Santer P, Wachtendorf LJ, Suleiman A, Houle TT, Fassbender P, Costa EL, 
et al. Mechanical power during general anesthesia and postoperative 
respiratory failure: a multicenter retrospective cohort study. Anesthesiol‑
ogy. 2022;137:41–54.

 26. Knaus WA, Draper EA, Wagner DP, Zimmerman JE. APACHE II: a severity of 
disease classification system. Crit Care Med. 1985;13:818–29.

 27. Elixhauser A, Steiner C, Harris DR, Coffey RM. Comorbidity measures for 
use with administrative data. Med Care. 1998;36:8–27.

 28. McLean DJ, Diaz‑Gil D, Farhan HN, Ladha KS, Kurth T, Eikermann M. Dose‑
dependent association between intermediate‑acting neuromuscular‑
blocking agents and postoperative respiratory complications. Anesthesi‑
ology. 2015;122:1201–13.

 29. Althoff FC, Xu X, Wachtendorf LJ, Shay D, Patrocinio M, Schaefer MS, et al. 
Provider variability in the intraoperative use of neuromuscular blocking 
agents: a retrospective multicentre cohort study. BMJ Open. 2021;11: 
e048509.

 30. Januzzi JL, van Kimmenade R, Lainchbury J, Bayes‑Genis A, Ordonez‑Lla‑
nos J, Santalo‑Bel M, et al. NT‑proBNP testing for diagnosis and short‑term 
prognosis in acute destabilized heart failure: an international pooled 
analysis of 1256 patients: the International Collaborative of NT‑proBNP 
Study. Eur Heart J. 2006;27:330–7.

 31. Shah S, Shah K, Patel SB, Patel FS, Osman M, Velagapudi P, et al. Elevated 
D‑dimer levels are associated with increased risk of mortality in Corona‑
virus Disease 2019: a systematic review and meta‑analysis. Cardiol Rev. 
2020;28:295–302.

 32. VanderWeele TJ. On the distinction between interaction and effect modi‑
fication. Epidemiol Camb Mass. 2009;20:863–71.

 33. Corraini P, Olsen M, Pedersen L, Dekkers OM, Vandenbroucke JP. Effect 
modification, interaction and mediation: an overview of theoretical 
insights for clinical investigators. Clin Epidemiol. 2017;9:331–8.

 34. Yehya N, Hodgson CL, Amato MBP, Richard J‑C, Brochard LJ, Mercat A, 
et al. Response to ventilator adjustments for predicting acute respiratory 
distress syndrome mortality driving pressure versus oxygenation. Ann 
Am Thorac Soc. 2021;18:857–64.

 35. Luchman JN. Determining relative importance in Stata using domi‑
nance analysis: domin and domme. Stata J Promot Commun Stat Stata. 
2021;21:510–38.

 36. Schaefer MS, Loring SH, Talmor D, Baedorf‑Kassis EN. Comparison of 
mechanical power estimations in mechanically ventilated patients with 
ARDS: a secondary data analysis from the EPVent study. Intensive Care 
Med. 2021;47:130–2.

 37. Simonis FD, Serpa Neto A, Binnekade JM, Braber A, Bruin KCM, Writing 
Group for the PReVENT Investigators, et al. Effect of a low vs inter‑
mediate tidal volume strategy on ventilator‑free days in intensive 
care unit patients without ARDS: a randomized clinical trial. JAMA. 
2018;320:1872–80.

 38. Ranieri VM, Rubenfeld GD, Thompson BT, Ferguson ND, Caldwell E, ARDS 
Definition Task Force, et al. Acute respiratory distress syndrome: the Berlin 
Definition. JAMA. 2012;307:2526–33.

 39. Baedorf Kassis E, Loring SH, Talmor D. Recruitment maneuvers: using 
transpulmonary pressure to help Goldilocks. Intensive Care Med. 
2017;43:1162–3.

 40. Semler MW, Casey JD, Lloyd BD, Hastings PG, Hays MA, Stollings JL, et al. 
Oxygen‑Saturation Targets for Critically Ill Adults Receiving Mechanical 
Ventilation. N Engl J Med. 2022;387:1759–69.

 41. Faul F, Erdfelder E, Lang A‑G, Buchner A. G*Power 3: a flexible statistical 
power analysis program for the social, behavioral, and biomedical sci‑
ences. Behav Res Methods. 2007;39:175–91.

 42. Herrmann J, Mori V, Bates JHT, Suki B. Modeling lung perfusion abnormal‑
ities to explain early COVID‑19 hypoxemia. Nat Commun. 2020;11:4883.

 43. Grieco DL, Bongiovanni F, Chen L, Menga LS, Cutuli SL, Pintaudi G, et al. 
Respiratory physiology of COVID‑19‑induced respiratory failure com‑
pared to ARDS of other etiologies. Crit Care Lond Engl. 2020;24:529.

 44. Ventilation with lower tidal volumes as compared with traditional tidal 
volumes for acute lung injury and the acute respiratory distress syn‑
drome. N Engl J Med. 2000;342:1301–8.

 45. Serpa Neto A, Cardoso SO, Manetta JA, Pereira VGM, Espósito DC, Pas‑
qualucci M de OP, et al. Association between use of lung‑protective venti‑
lation with lower tidal volumes and clinical outcomes among patients 
without acute respiratory distress syndrome: a meta‑analysis. JAMA. 
2012;308:1651–9.

 46. Cavalcanti AB, Suzumura ÉA, Laranjeira LN, Paisani D de M, Damiani LP. 
Writing Group for the Alveolar Recruitment for Acute Respiratory Distress 
Syndrome Trial (ART) Investigators et al. Effect of lung recruitment and 
titrated positive end‑expiratory pressure (PEEP) vs low PEEP on mortality 
in patients with acute respiratory distress syndrome: a randomized clini‑
cal trial. JAMA. 2017;318:1335–45.

 47. Amato MBP, Meade MO, Slutsky AS, Brochard L, Costa ELV, Schoenfeld 
DA, et al. Driving pressure and survival in the acute respiratory distress 
syndrome. N Engl J Med. 2015;372:747–55.

 48. Neto AS, Hemmes SNT, Barbas CSV, Beiderlinden M, Fernandez‑
Bustamante A, Futier E, et al. Association between driving pressure and 
development of postoperative pulmonary complications in patients 
undergoing mechanical ventilation for general anaesthesia: a meta‑
analysis of individual patient data. Lancet Respir Med. 2016;4:272–80.

 49. Marini JJ, Gattinoni L. Energetics and the root mechanical cause for 
ventilator‑induced lung injury. Anesthesiology. 2018;128:1062–4.

 50. Santos RS, Maia L de A, Oliveira MV, Santos CL, Moraes L, Pinto EF, et al. 
Biologic Impact of Mechanical Power at High and Low Tidal Volumes in 
Experimental Mild Acute Respiratory Distress Syndrome. Anesthesiology. 
2018;128:1193–206.

 51. Collino F, Rapetti F, Vasques F, Maiolo G, Tonetti T, Romitti F, et al. Posi‑
tive End‑expiratory Pressure and Mechanical Power. Anesthesiology. 
2019;130:119–30.

 52. Suleiman A, Costa E, Santer P, Tartler TM, Wachtendorf LJ, Teja B, et al. 
Association between intraoperative tidal volume and postoperative 
respiratory complications is dependent on respiratory elastance: a retro‑
spective, multicentre cohort study. Br J Anaesth. 2022;129:263–72.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Mechanical power and 30-day mortality in mechanically ventilated, critically ill patients with and without Coronavirus Disease-2019: a hospital registry study
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Study design and setting
	Exposure and outcome measures
	Confounder model
	Primary and co-primary analyses
	Secondary and exploratory analyses
	Sensitivity analyses
	Statistical analyses

	Results
	Study cohort and characteristics
	Primary analysis
	Secondary and exploratory analyses
	Sensitivity analyses

	Discussion
	Limitations

	Conclusion
	Anchor 24
	Acknowledgements
	References


