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Abstract 

Background There is insufficient evidence to guide ventilatory targets in acute brain injury (ABI). Recent studies have 
shown associations between mechanical power (MP) and mortality in critical care populations. We aimed to describe 
MP in ventilated patients with ABI, and evaluate associations between MP and clinical outcomes.

Methods In this preplanned, secondary analysis of a prospective, multi-center, observational cohort study (ENIO, 
NCT03400904), we included adult patients with ABI (Glasgow Coma Scale ≤ 12 before intubation) who required 
mechanical ventilation (MV) ≥ 24 h. Using multivariable log binomial regressions, we separately assessed associations 
between MP on hospital day (HD)1, HD3, HD7 and clinical outcomes: hospital mortality, need for reintubation, trache-
ostomy placement, and development of acute respiratory distress syndrome (ARDS).

Results We included 1217 patients (mean age 51.2 years [SD 18.1], 66% male, mean body mass index [BMI] 26.3 [SD 
5.18]) hospitalized at 62 intensive care units in 18 countries. Hospital mortality was 11% (n = 139), 44% (n = 536) were 
extubated by HD7 of which 20% (107/536) required reintubation, 28% (n = 340) underwent tracheostomy place-
ment, and 9% (n = 114) developed ARDS. The median MP on HD1, HD3, and HD7 was 11.9 J/min [IQR 9.2–15.1], 13 J/
min [IQR 10–17], and 14 J/min [IQR 11–20], respectively. MP was overall higher in patients with ARDS, especially those 
with higher ARDS severity. After controlling for same-day pressure of arterial oxygen/fraction of inspired oxygen (P/F 
ratio), BMI, and neurological severity, MP at HD1, HD3, and HD7 was independently associated with hospital mortal-
ity, reintubation and tracheostomy placement. The adjusted relative risk (aRR) was greater at higher MP, and strongest 
for: mortality on HD1 (compared to the HD1 median MP 11.9 J/min, aRR at 17 J/min was 1.22, 95% CI 1.14–1.30) and 
HD3 (1.38, 95% CI 1.23–1.53), reintubation on HD1 (1.64; 95% CI 1.57–1.72), and tracheostomy on HD7 (1.53; 95%CI 
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1.18–1.99). MP was associated with the development of moderate-severe ARDS on HD1 (2.07; 95% CI 1.56–2.78) and 
HD3 (1.76; 95% CI 1.41–2.22).

Conclusions Exposure to high MP during the first week of MV is associated with poor clinical outcomes in ABI, inde-
pendent of P/F ratio and neurological severity. Potential benefits of optimizing ventilator settings to limit MP warrant 
further investigation.

Keywords Acute brain injury, Mechanical power, Acute respiratory distress syndrome, Mechanical ventilation, 
Traumatic brain injury, Subarachnoid hemorrhage, Acute ischemic stroke, Intracranial hemorrhage

Introduction
Patients with acute brain injury (ABI) commonly require 
intubation and mechanical ventilation (MV) due to insuf-
ficient airway protective reflexes, impaired respiratory 
drive, and secondary pulmonary events such as aspira-
tion/pneumonia, pulmonary edema, or acute respira-
tory distress syndrome (ARDS) [1–6]. However, there 
are insufficient data to guide optimal ventilatory targets 
for brain injured patients [7]. Patients with ABI have 
frequently been excluded from landmark studies guid-
ing MV practices in critical care cohorts [8–10], and the 
impact of various MV parameters on clinical outcomes is 
insufficiently explored in this population.

The concept of mechanical power (MP) as a determi-
nant of ventilator-induced lung injury (VILI) has gained 
increasing attention [11]. A summary variable comprised 
of all the MV components which can cause VILI, includ-
ing pressure, volume, flow, and respiratory rate (RR), MP 
is thought to represent the total energy delivered to the 
respiratory system during each breathing cycle multiplied 
by RR. Recent studies have demonstrated an association 
between higher MP and mortality in mixed critical care 
populations [12], both with [13] and without ARDS [14], 
and in patients with hypoxemic-ischemic encephalopathy 
(HIE) after cardiac arrest [15]. However, limited data are 
available regarding the role of MP in other ABI popula-
tions, with only one retrospective, single-center study 
showing an association between MP in the first 24 h and 
mortality during the intensive care unit (ICU) stay [16].

We performed a preplanned secondary analysis of 
the “Extubation strategies in neuro-intensive care unit 
patients and associations with outcomes (ENIO)” study—
a prospective, international, multi-center observational 
cohort study assessing factors associated with extubation 
failure [17]. Our goals were to describe MP in ABI during 
the first week of MV and evaluate associations between 
MP at three time points and clinical outcomes. We 
hypothesized that there is substantial practice variation 
based on region and presence of ARDS, and that MP is 
associated with hospital mortality, need for reintubation, 
tracheostomy placement, and development of moderate-
severe ARDS.

Methods
Setting The present analysis utilized data from the ENIO 
study (NCT03400904), a prospective, international, 
multi-center observational cohort study that enrolled 
1512 patients with ABI between 2018 and 2020 at 73 
centers in 18 countries. The aims of the parent study were 
to describe current MV management and weaning prac-
tices, assess the incidence of extubation failure, rate of 
tracheostomy placement, and validate a score predictive 
of extubation success [17].

Ethical approval and reporting All centers were 
required to obtain regional or national IRB approval to 
participate in the ENIO study. The study was approved 
by the Steering Committee, no further IRB approval was 
necessary for the present analysis. We adhered to the 
Strengthening the Reporting of Observational Studies in 
Epidemiology (STROBE) guidelines [18].

Study population The ENIO study included adults 
(≥ 18 years) with ABI who were admitted to the intensive 
care unit (ICU) with a Glasgow Coma Scale (GCS) ≤ 12 
before endotracheal intubation, and required invasive 
MV ≥ 24  h. Subtypes of brain injuries considered were 
traumatic brain injury (TBI), aneurysmal subarachnoid 
hemorrhage (SAH), intracranial hemorrhage (ICH), acute 
ischemic stroke (AIS), central nervous system infections, 
and brain tumors. Patients were excluded if they met any 
of the following criteria: < 18 years of age, pregnancy, spi-
nal cord injury above T4, resuscitated after cardiac arrest, 
Guillain–Barre syndrome, withdrawal of life-sustaining 
treatments (WLST) ≤ 24  h after ICU admission, termi-
nal extubation in the setting of WLST during ICU course, 
baseline major respiratory co-morbidities (requiring 
chronic oxygen at home, chronic obstructive pulmonary 
disease grade III-IV according to the Gold classification), 
and major chest trauma (Abbreviated Injury Score ≥ 3).

For the present analysis, we additionally excluded 
patients with insufficient data to calculate MP on hospital 
day (HD) 1, or those who were on a spontaneous breath-
ing mode on HD1.

Objectives The primary aim of this study was to assess 
the use of MP on HD1, HD3, and HD7 in mechanically 
ventilated, brain-injured patients; our secondary aim was 
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to evaluate the associations between MP at the three time 
points and clinical outcomes.

Clinical outcomes included hospital mortality- defined 
as death during the first hospital stay following ABI—
need for reintubation during the initial ICU stay, tra-
cheostomy placement during the initial ICU stay, and 
development of moderate-severe ARDS based on the 
Berlin definition [19] during the ICU stay.

Data extraction Demographic and baseline data were 
collected at the time of enrollment. Ventilatory param-
eters, arterial blood gas values, and use of sedative 
medications (Propofol, Midazolam, Dexmedetomidine, 
Penthotal), were recorded at HD1, HD3 and HD7 after 
ICU admission. Markers of neurological severity docu-
mented included: initial GCS before intubation, anisoco-
ria, placement of an intracranial pressure (ICP) monitor 
or external ventricular drainage (EVD), decompressive 
craniectomy (DC), and barbiturate coma. Ventilatory 
parameters recorded for each HD included: tidal volume 
 (Vt), RR, positive end-expiratory pressure (PEEP), and 
plateau pressure (Pplat); also, the partial pressure of arte-
rial oxygen/fraction of inspired oxygen (P/F) ratio and 
driving pressure (ΔP) were calculated for each HD. MP 
was calculated based on previously validated formulas 
[11, 20, 21]. Data on mortality, reintubation, tracheos-
tomy and ARDS were prospectively captured during the 
index hospitalization, and follow-up was completed at 
hospital discharge.

Statistical analysis We summarized continuous vari-
ables using ranges, means (standard deviations, SD) or 
median (interquartile range, IQR) and categorical vari-
ables using percentages. Means, medians and frequencies 
were compared using the t-test, Wilcoxon-Mann–Whit-
ney test, and chi-squares, respectively. We utilized mul-
tivariable log binomial regressions with robust standard 
errors to evaluate the associations between MP on HD1, 
HD3, and HD7 and (1) hospital mortality, (2) need for 

reintubation, (3) tracheostomy placement, and (4) devel-
opment of moderate-severe ARDS. For development of 
moderate-severe ARDS, we assessed MP only on HD1 
and HD3 as exposure variables, because  we were not able 
to discern which proportion of patients developed ARDS 
before HD7. We built separate models for each outcome 
of interest, adjusting for baseline characteristics, comor-
bidities, body mass index (BMI), region, type of brain 
injury, markers of neurological severity, and arterial 
blood gas values (Additional file  1: Appendix). A priori 
confounders and variables that were statistically signifi-
cant in univariate analyses (P < 0.05) were considered for 
inclusion in multivariable analyses. The linearity assump-
tion of continuous variables was tested, and variable 
transformed with the appropriate fractional polynomi-
als when the assumption was not met [22]. Adjusted risk 
ratios (aRR) were calculated in comparison to the median 
MP utilized on HD1. We utilized R Studio 2022.02.3 and 
Stata 15.1 for statistical analyses.

Results
Patient characteristics
Of 1512 patients enrolled in the ENIO study, we excluded 
286 (17%) patients due to insufficient data to calculate 
MP, and another 9 (0.6%) who were on a spontaneous 
breathing mode on HD1 (Additional file 1: Figure S1). We 
included 1217 patients from 18 countries at 62 centers 
in the analysis; the mean age was 51  years (SD 18), the 
majority were male (66%, n = 805), and mean BMI was 
26.3 (SD 5.18). Most patients were from Europe/Central 
Asia (69%, n = 845) or Latin America/Caribbean (19%, 
n = 236). The most common underlying diagnoses were 
TBI (48%, n = 588), ICH (31%, n = 382), and SAH (18%, 
n = 218). The initial GCS before intubation was ≤ 8 in 
77% (n = 937), 28% (n = 338) had an episode of anisocoria 
during their hospitalization (Table 1).

Table 1 Patient characteristics: demographics, comorbidities, baseline and clinical characteristics by hospital mortality

Survivors Non-survivors Total
(N = 1034) (N = 139) (N = 1217)*

Baseline characteristics

Age (years)† 50.0 (17.9) 60.2 (17.4) 51.2 (18.1)

Female 346 (33%) 52 (37%) 412 (34%)

Height (cm)† 170 (9.17) 169 (9.28) 170 (9.18)

Weight (kg)† 76.4 (16.1) 73.1 (16.7) 76.0 (16.2)

BMI (cm/kg)† 26.3 (5.14) 25.7 (5.52) 26.3 (5.18)

Geographic region

Europe and Central Asia 718 (69%) 97 (70%) 845 (69%)

Latin America & Caribbean 218 (21%) 14 (10%) 236 (19%)

South Asia 44 (4%) 22 (16%) 75 (6%)
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Table 1 (continued)

Survivors Non-survivors Total
(N = 1034) (N = 139) (N = 1217)*

Middle East and North Africa 23 (2%) 1 (1%) 25 (2%)

East Asia and Pacific 24 (2%) 5 (4%) 29 (2%)

North America 7 (1%) 0 (0%) 7 (1%)

Country Income Level†††

High 792 (77%) 106 (76%) 928 (76%)

Upper middle 198 (19%) 11 (8%) 214 (18%)

Lower middle 44 (4%) 22 (16%) 75 (6%)

Comorbidities

Hypertension 274 (27%) 56 (40%) 346 (28%)

Diabetes 110 (11%) 30 (22%) 146 (12%)

Heart failure 22 (2%) 11 (8%) 35 (3%)

Pulmonary disease 43 (4%) 2 (1%) 48 (4%)

Malignancy 40 (4%) 10 (7%) 53 (4%)

Current tobacco use 241 (23%) 25 (18%) 280 (23%)

Clinical characteristics

Type of brain injury

 Traumatic brain injury 518 (50%) 47 (34%) 588 (48%)

 Subarachnoid hemorrhage 177 (17%) 30 (22%) 218 (18%)

 Intracranial hemorrhage 317 (31%) 50 (36%) 382 (31%)

 Acute ischemic stroke 78 (8%) 17 (12%) 97 (8%)

 CNS infection 45 (4%) 13 (9%) 60 (5%)

Brain tumor 52 (5%) 7 (5%) 60 (5%)

Initial GCS†† 7.00 [3.00, 12.0] 7.00 [3.00, 12.0] 7.00 [3.00, 12.0]

GCS eyes†† 1.00 [1.00, 4.00] 1.00 [1.00, 4.00] 1.00 [1.00, 4.00]

GCS verbal†† 1.00 [1.00, 4.00] 1.00 [1.00, 4.00] 1.00 [1.00, 4.00]

GCS motor†† 4.00 [1.00, 6.00] 4.00 [1.00, 6.00] 4.00 [1.00, 6.00]

Anisocoria 286 (28%) 42 (30%) 338 (28%)

Posterior fossa injury 57 (6%) 10 (7%) 70 (6%)

Nosocomial VAP 406 (39%) 61 (44%) 480 (40%)

ARDS 93 (9%) 19 (14%) 114 (9%)

Mild 19 (20%) 4 (21%) 24 (21%)

Moderate 36 (39%) 6 (32%) 43 (38%)

Severe 38 (41%) 9 (47%) 47 (41%)

Treatment modalities utilized

Intraparenchymal ICP monitor 454 (44%) 35 (25%) 504 (41%)

Extraventricular drain 298 (29%) 52 (37%) 360 (30%)

Decompressive craniectomy 175 (17%) 32 (23%) 218 (18%)

Intracranial neurosurgery 403 (39%) 57 (41%) 483 (40%)

Barbiturate coma 65 (6%) 5 (4%) 74 (6%)

Therapeutic hypothermia 51 (5%) 5 (4%) 56 (5%)

Clinical characteristics based on hospital mortality

*Data on hospital mortality was missing in 44 patients

ARDS = acute respiratory distress syndrome, BMI = body mass index, CNS = central nervous system, GCS = Glasgow Coma Scale, ICP = intracranial pressure, 
VAP = ventilator associated pneumonia

†Mean (standard deviation)

††Median (interquartile range)

†††The Country Income Level was based on the World Health Organization
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Mortality at ICU discharge was 7% (n = 83), and 
increased to 11% (n = 139) by hospital discharge. WLST 
occurred in 29% (n = 41) of all hospital mortalities at a 
median of 17  days [IQR 7–34]. Among survivors, 34% 
(356/1034) had a GCS of 13–15 at the time of extubation. 
By HD3, 23% (n = 270) of patients were extubated and 8% 
(n = 101) were weaned to a spontaneous mode; by HD7, 
44% (n = 536) were extubated and 10% (n = 120) were 
weaned to a spontaneous mode (Additional file  1:  Fig-
ure S2). Among patients who were extubated by HD7, 
20% (107/536) required reintubation. Among patients 

who underwent tracheostomy placement (28%, n = 340), 
most (79% n = 267/340) received a tracheostomy without 
a prior extubation trial. Overall, 9% (n = 114) developed 
ARDS (21% (n = 24) mild, 38% (n = 43) moderate, and 
41% (n = 47) severe ARDS).

Ventilator settings and arterial blood gas values by HD 
are summarized in Table  2. Baseline characteristics and 
markers of disease severity stratified by HD are displayed 
in Additional file  1: Fig. S3, Table  S1, and were largely 
similar across the time points.

Table 2  Ventilator settings and respiratory parameters by hospital day

IQR interquartile range,  PaCO2 partial arterial pressure of carbon dioxide,  PaO2 partial arterial pressure of oxygen, PEEP positive end-expiratory pressure, PBW 
predicted body weight
† The daggers highlight which data is presented as mean vs median, and then how the World Income Level was defined

Day 1 Day 3 Day 7
N = 1216 N = 1075 N = 748

Ventilator mode

Volume control 881 (72%) 558 (52%) 288 (39%)

Pressure control 335 (28%) 416 (39%) 340 (45%)

Spontaneous breathing 0 101 (9%) 120 (16%)

Tidal volume, mL/kg PBW† 7.14 [6.36;8.07] 7.21 [6.39;8.26] 7.38 [6.50;8.50]

Plateau pressure, cm  H2O† 16 [14;19] 16 [14;20] 17 [14;20.5]

PEEP, cm  H2O† 5 [5;6] 6 [5;7] 6 [5;8]

Driving pressure, cm  H2O† 10 [8;13] 10 [8;13] 10 [7;13]

Respiratory rate, breaths/min† 16 [14;18] 16 [14;20] 18 [15;22]

Mechanical Power, Joules/min 11.9 [9.17;15.1] 12.6 [9.6;16.7] 14.3 [10.5;19.6]

PaO2,  mmHg† 116 [91;158] 99 [83.2;121] 95 [81;114]

PaCO2,  mmHg† 37 [34;41] 38 [35;41] 38 [34;42]

Table 3 Mechanical power at hospital day one, three, and seven 

Hospital day 1 Hospital day 3 Hospital day 7
N = 1216 N = 1075 N = 748

Overall 11.9 (9.2;15.1) 13 (10;17) 14 (11;20)

Region

Europe & Central Asia 11.9 (9.3;15.3) 12.6 (9.7;17.3) 15 (11;21)

Latin America & Caribbean 11.6 (8.8;14.6) 12.5 (9.9;16.0) 14.1 (10.8;17.6)

South Asia 12.2 (9.5;15.4) 12.6 (9.5–16.5) 13.5 (8.9;17.5)

Middle East and North Africa 12.5 (8.9;17.6) 11.0 (8.6;16.4) 8.4 (7.4;10.4)

East Asia and Pacific 11.1 (7.8;14.5) 11.1 (8.6;15.3) 13.6 (11.4;15.5)

North America 15.0 (13.9;16.1) 15.0 (11.8;15.5) 19.2 (15.2;23.2)

Country income level

High 11.9 (9.3;15.3) 12.7 (9.8;17.2) 15 (11;21)

Upper middle 11.4 (8.8;14.6) 11.9 (8.9;15.7) 13.3 (9.1;16.9)

Lower middle 12.2 (9.5;15.4) 12.6 (9.5;16.5) 13.5 (8.9;17.5)

Low – – –
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Table 4 Mechanical power based on sedation strategy 

MP mechanial power

*Propofol, and/or Midazolam, and/or Dexmedetomidine, and/or Penthotal

Hospital day 1 Hospital day 3 Hospital day 7

Sedation* 
(N = 1100)

No sedation 
(N = 116)

P Sedation* 
(N = 733)

No sedation 
(N = 211)

P Sedation* 
(N = 376)

No sedation 
(N = 279)

P

MP 12.0 (9.2;15.4) MP 11.2 (9.0; 13.9) 0.062 MP 13.0 (10.1; 17.3) MP 11.5 (8.7; 15.0) 0.0003 MP 15.5 (11.6; 21.4) MP 13.8 (9.9; 17.8) 0.001

*J/minute

Values reported in median (Interquartile range) ARDS acute respiratory distress syndrome, CNS central nervous system, GCS Glasgow Coma Scale, ICP intracranial 
pressure

Hospital day 1 Hospital day 3 Hospital day 7
N = 1216 N = 1075 N = 748

By ventilator mode

Volume control 11.8 (9.2;14.8) 12.7 (9.9; 16.9) 15.7 (11.8; 21.5)

Pressure control 12.3 (9.2;16.3) 12.3 (8.9; 16.5) 13.2 (9.8; 17.5)

By type of brain injury

Traumatic brain injury 12.2 (9.4;15.4) 12.7 (10;17) 15 (11;22)

Subarachnoid hemorrhage 11.2 (8.7;14.7) 12.8 (9.5;17.7) 16 (11.9;20.7)

Intracranial hemorrhage 12.3 (9.5;15.6) 12.4 (9.9;16.2) 13.3 (10.0;17.5)

Acute Ischemic Stroke 10.7 (8.8;14.0) 12 (8.8;15.3) 13.1 (10.3;17.4)

CNS infection 11.1 (8.7;15.0) 11.5 (8.2;14.3) 11.6 (8.1;15.8)

Brain Tumor 10.5 (8.2;12.6) 10.8 (7.6;15.2) 11.9 (7.5;15.6)

GCS on admission

3–8 11.9 (9.2;15.1) 12.4 (9.6;16.4) 14 (10;19)

9–12 12.1 (9.2;15.2) 13.6 (9.8;17.4) 15 (11.8;20.3)

13–15 – – –

ICP monitor placed

Yes 12.2 (9.4;15.5) 12.9 (9.9–17.6) 15.7 (11.2–22.8)

No 11.5 (9.0;15.0) 12.3 (9.4;16.0) 13.0 (10.0;18.0)

Decompressive craniectomy

Yes 11.3 (8.7;14.4) 12.5 (9.5;16.1) 13.8 (10.1;18.6)

No 11.9 (9.3;15.4) 12.6 (9.7;16.9) 14.0 (11.0;20.0)

ARDS

No ARDS 11.8 (9.0–14.8) 12.3 (9.5–16.0) 13.6 (10.0–17.9)

Mild 12.1 (9.7;16.8) 13.0 (8.8;16.1) 15.3 (13.8;21.2)

Moderate 15.5 (11.3;19.7) 17.1 (12.6;22.1) 18.4 (13.3;24.5)

Severe 14.0 (11.0;17.0) 17.2 (11.5;23.8) 23.8 (17.4;28.1)

Table 3 (continued)

Utilization of mechanical power and trajectories
The median MP on HD1, HD3, and HD7 was 11.9 J/min 
[IQR 9.2–15.1, range 3.1–44.4], 13  J/min [IQR 10–17, 
range 2.5–39.2], and 14  J/min [IQR 11–20, range 3.5–
66.9] respectively. Across countries, median MP ranged 
from 8.9 to 18.2 J/min (HD 1), 7.2–17.6 J/min (HD3), and 
8.3–19.2 J/min (HD7) (Additional file 1: Table S2, Figure 
S4). MP mainly varied based on the presence of ARDS, 
was higher in patients with higher ARDS severity, and 

did not substantially differ based on neurological severity 
(Table 3). MP on HD3 and HD7 was significantly higher 
in patients on sedative medications, compared to those 
who did not receive any sedation (Table 4).

Median MP was higher on HD1, HD3 and HD7 among 
patients with an initial P/F ratio ≤ 200 and whose P/F 
ratio remained ≤ 200 compared to those whose P/F ratio 
improved to > 200 by HD7 (Fig. 1a). Additionally, median 
MP was higher on HD1, HD3 and HD7 in patients with 
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Fig. 1 Mechanical power trajectories. a Mechanical power based on trajectories of P/F ratio for patients with P/F ratio ≤ 200 on hospital day 1. b 
Mechanical power based on trajectories of P/F ratio for patients with P/F ratio > 200 on hospital day 1. c Mechanical power based on trajectories of 
GCS for patients with an initial GCS ≤ 8
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an initial P/F ratio > 200 whose P/F ratio worsened 
to ≤ 200 by HD7, compared to those whose P/F ratio 
remained > 200 by HD7 (Fig.  1b). Among patients with 
an initial GCS ≤ 8, the median MP on HD1, HD3 and 
HD7 was largely similar in patients whose GCS remained 
≤ 8 and those whose GCS improved by the time of extu-
bation (Fig. 1c).

Associations between mechanical power and clinical 
outcomes
In separate multivariable models controlling for age, 
BMI, region, comorbidities, type of brain injury, neuro-
logical severity, same day P/F ratio, ventilator mode and 

sedation, MP on HD1, HD3, and HD7 was independently 
associated with hospital mortality, with greater aRR at 
higher MP (Fig.  2a, Additional file  1: Table  S3a, omni-
bus p-values for non-linear trajectories were p < 0.001, 
p < 0.001, p = 0.003 respectively). Within the most com-
monly utilized range of 9–20  J/min, the aRR (compared 
to the HD1 median of 11.9 J/min) for HD1 was 1.22 (95% 
CI 1.14–1.30) at 17 J/min and 1.47 (95% CI 1.28–1.65) at 
20 J/min. On HD3, the aRR was 1.38 (95% CI 1.23–1.53) 
at 17 J/min and 1.49 (95% CI 1.30–1.71) at 20 J/min, and 
on HD7, the aRR was 1.06 (95% CI 1.05–1.32) at 17 J/min 
and 1.23 (95% CI 1.07–1.42) at 20  J/min. (Table  5) The 
increment in aRR for each J/min was highest on HD1.
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Fig. 1 continued

Fig. 2 Associations between mechanical power (MP) and clinical outcomes at hospital day one, three and seven. EVD = Extraventricular Drain, 
GCS = Glasgow Coma Scale, ICP = Intracranial Pressure. a Associations between MP and mortality. The model was adjusted for the following 
covariates: age, region, comorbidities (heart failure, diabetes, pulmonary disease), body mass index, type of brain injury, neurological severity 
(initial GCS, anisocoria, ICP monitor in place, EVD in place, decompressive craniectomy, barbiturate coma), arterial blood gas values (same day 
P/F ratio), ventilator mode, and sedation (same day Propofol, Midazolam). b Associations between MP and need for reintubation. The model was 
adjusted for the following covariates: age, region, comorbidities (heart failure, hypertension, pulmonary disease), body mass index, type of brain 
injury, neurological severity (initial GCS, anisocoria, ICP monitor in place, EVD in place, decompressive craniectomy, barbiturate coma), swallowing 
function on the day of extubation, suctioning frequency on the day of extubation,, arterial blood gas values (same day P/F ratio), ventilator mode, 
and sedation (same day Propofol, Midazolam). c Associations between MP and tracheostomy placement. The model was adjusted for the following 
covariates: age, region, comorbidities (heart failure, hypertension pulmonary disease), body mass index, type of brain injury, neurological severity 
(initial GCS, anisocoria, ICP monitor in place, EVD in place, decompressive craniectomy, barbiturate coma), swallowing function on the day of 
extubation, suctioning frequency on the day of extubation,, arterial blood gas values (same day P/F ratio), ventilator mode, and sedation (same day 
Propofol, Midazolam). d Associations between MP and development of moderate to severe acute respiratory distress syndrome (ARDS). The model 
was adjusted for the following covariates: age, sex, region, baseline pulmonary or cardiac disease, type of brain injury, initial GCS, decompressive 
craniectomy, arterial blood gas values (same day  PaO2 and  PaCO2), ventilator mode and ventilator associated pneumonia

(See figure on next page.)
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MP on all three hospital days was associated with need 
for reintubation after controlling for covariates, includ-
ing factors associated with extubation failure in the main 
ENIO analysis (Fig. 2b, Additional file 1: Table S3b, omni-
bus p-values for non-linear trajectories were all < 0.001). 

Compared to the HD1 median, the aRR was strongest on 
HD1 :1.64 (95% CI 1.57–1.72) at 17 J/min and 2.05 (95% 
CI 1.92–2.20) at 20 J/min) and the increment in aRR for 
each J/min was steepest on HD1 and HD3. (Table 5).

Fig. 2 (See legend on previous page.)
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MP on all three hospital days was associated with tra-
cheostomy placement after controlling for covariates 
(Fig. 2c, Additional file 1: Table S3c, omnibus p-values 
for non-linear trajectories were p = 0.005, p = 0.019, 
and p = 0.001, respectively); the aRR was strongest on 
HD7:1.53 (95% CI 1.18–1.99) at 17 J/min and 1.71 (95% 
CI 1.23–2.39) at 20 J/min (Table 5).

MP on HD1 and HD3 was associated with moderate-
severe ARDS after controlling for covariates (Fig.  2d, 
Table  S3d, omnibus p-values for non-linear trajectories 
were p < 0.001 for both days). For HD1, aRR compared 
to the HD1  median was 2.07 (1.56–2.78) at 17  J/min 
and 2.88 (1.89–4.27) at 20 J/min; for HD3, aRR was 1.76 
(1.41–2.22) at 17 J/min and 2.64 (1.79–3.90) at 20 J/min 
(Table 5).

Discussion
In this preplanned, secondary analysis of the ENIO study 
assessing use and effect of mechanical power in ABI, our 
main findings are: (1) MP varied widely by region, tended 
to be higher based on presence and severity of ARDS, 
and differed by trajectory of P/F ratio, (2) MP at all time 
points was associated with hospital mortality, need for 
reintubation, tracheostomy placement and development 
of moderate-severe ARDS, and (3) associations between 
MP and hospital mortality, reintubation, and ARDS were 
strongest during the early days of MV. To date, this is the 
largest observational investigation evaluating the use of 
MP in ABI and its association with clinical outcomes. We 
included patients from 62 institutions in 18 countries, 
representing current practices worldwide.

In critically ill patients with ABI, pathophysiologi-
cal interactions between brain and lungs are complex 
and bi-directional [6]. ABI has been shown to induce 
or worsen lung injury via several mechanisms, includ-
ing elevated ICP, systemic inflammatory response, hor-
monal dysregulation, and catecholamine surges [6, 23, 
24]. Conversely, hypoxemia and systemic inflammation 
can precipitate secondary brain injury, and ventilatory 
strategies that have proven to be beneficial for man-
agement of ARDS, such as PEEP titration, low  Vt, and 
prone ventilation, may affect ICP, and  cerebral perfu-
sion pressure. [6, 25, 26]. As ABI comprises up to 20% 
of patients requiring MV [27, 28], with little data to 
guide ventilator management accounting for brain-lung 
crosstalk [29], more information about use and effect 
of MV strategies is important to inform future stud-
ies, and establish optimal ventilatory targets for this 
population.

The substantial regional practice variations in utiliza-
tion of MP in our study underscore the lack of definite 
knowledge and data on ventilator management in ABI. 
Results of a large, prospective multicenter observational 

Table 5 Adjusted relative risks of clinical outcomes associated 
with mechanical power (aRR were calculated compared to 
median on HD 1 of 11.85 Joules/min): (a) mortality, (b) need for 
reintubation, (c) tracheostomy placement, (d) development of 
moderate to severe acute respiratory distress syndrome (ARDS)

Mechanical power, 
J/min

aRR (95% CI)

Day 1 Day 3 Day 7

(a) Hospital mortality

12 1.01 (1.00–1.01) 1.02 (1.01–1.03) 1.01 (1.00–1.02)

13 1.03 (1.02–1.05) 1.12 (1.07–1.16) 1.06 (1.02–1.09)

14 1.07 (1.04–1.09) 1.20 (1.13–1.27) 1.10 (1.03–1.17)

15 1.11 (1.07–1.15) 1.26 (1.17–1.37) 1.13 (1.04–1.23)

16 1.16 (1.10–1.22) 1.32 (1.20–1.46) 1.16 (1.05–1.28)

17 1.22 (1.14–1.30) 1.38 (1.23–1.53) 1.06 (1.05–1.32)

18 1.29 (1.18–1.40) 1.42 (1.26–1.60) 1.20 (1.06–1.36)

19 1.37 (1.23–1.53) 1.46 (1.28–1.66) 1.22 (1.07–1.39)

20 1.47 (1.28–1.65) 1.49 (1.30–1.71) 1.23 (1.07–1.42)

21 1.58 (1.35–1.85) 1.52 (1.32–1.76) 1.25 (1.07–1.45)

(b) Reintubation

12 1.03 (1.03–1.03) 1.01 (1.00–1.01) 1.00 (1.00–1.00)

13 1.15 (1.13–1.16) 1.02 (1.02–1.03) 1.03 (1.02–1.03)

14 1.26 (1.24–1.29) 1.05 (1.04–1.06) 1.05 (1.04–1.06)

15 1.39 (1.35–1.43) 1.08 (1.06–1.09) 1.06 (1.04–1.08)

16 1.52 (1.46–1.57) 1.11 (1.09–1.14) 1.13 (1.08–1.18)

17 1.64 (1.57–1.72) 1.15 (1.12–1.19) 1.19 (1.12–1.26)

18 1.78 (1.69–1.88) 1.20 (1.16–1.25) 1.25 (1.15–1.35)

19 1.92 (1.81–2.03) 1.26 (1.21–1.31) 1.29 (1.18–1.42)

20 2.05 (1.92–2.20) 1.32 (1.25–1.39) 1.34 (1.20–1.48)

21 2.20 (2.05–2.36) 1.40 (1.31–1.49) 1.37 (1.22–1.53)

(c) Tracheostomy 
placement

12 1.01 (1.00–1.02) 1.01 (1.00–1.01) 1.02 (1.01–1.03)

13 1.05 (1.02–1.09) 1.03 (1.00–1.05) 1.17 (1.06–1.29)

14 1.09 (1.03–1.15) 1.06 (1.01–1.11) 1.27 (1.10–1.47)

15 1.12 (1.03–1.21) 1.09 (1.01–1.17) 1.37 (1.13–1.67)

16 1.14 (1.04–1.25) 1.13 (1.02–1.25) 1.46 (1.16–1.84)

17 1.16 (1.05–1.29) 1.17 (1.03–1.34) 1.53 (1.18–1.99)

18 1.18 (1.05–1.33) 1.23 (1.03–1.46) 1.60 (1.20–2.15)

19 1.20 (1.06–1.35) 1.29 (1.04–1.60) 1.66 (1.22–2.26)

20 1.21 (1.06–1.39) 1.36 (1.05–1.77) 1.71 (1.23–2.39)

21 1.22 (1.06–1.40) 1.45 (1.06–1.99) 1.75 (1.24–2.48)

(d) ARDS

12 1.04 (1.02–1.06) 1.03 (1.02–1.04)

13 1.22 (1.13–1.32) 1.12 (1.07–1.17)

14 1.41 (1.23–1.61) 1.24 (1.14–1.36)

15 1.62 (1.34–1.95) 1.38 (1.21–1.57)

16 1.84 (1.45–2.33) 1.55 (1.30–1.85)

17 2.07 (1.56–2.78) 1.76 (1.41–2.22)

18 2.33 (1.67–3.24) 2.01 (1.52–2.66)

19 2.58 (1.78–3.78) 2.30 (1.65–3.21)

20 2.88 (1.89–4.27) 2.64 (1.79–3.90)

21 3.17 (2.02–4.97) 3.10 (1.97–4.89)
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study (NCT04459884) are forthcoming [30], and ran-
domized controlled trials (RCTs) are needed to provide 
more clarity on this topic.

Overall, medians and ranges of MP observed in our 
study were similar to values described in another ABI 
cohort [16], but lower compared to those described in a 
large general critical care cohort [12] and a post-cardiac 
arrest cohort [15], possibly due to higher proportions of 
lung injury in these populations. Our results also sug-
gest that MP utilization is mainly driven by concomitant 
lung injury and ARDS. The question of whether markers 
of neurological severity merit consideration in choosing 
ventilator settings warrants further exploration.

The associations between MP and clinical outcomes in 
the first week of mechanical ventilation, present as early 
as HD1, support the hypothesis that MV settings  pre-
cipitate VILI. Different ventilator variables  (Vt, [8, 31] 
Pplat [8], PEEP [32, 33], driving pressure [34–36]) have 
been associated with mortality and longer duration of 
MV, presumably by contributing to VILI. Strategies tar-
geted at minimizing VILI, specifically the prophylactic 
utilization of low  Vt, [31, 37–39], have shown promise in 
decreasing the risk of developing ARDS. However, titrat-
ing one single MV setting may not adequately protect the 
lungs if the total amount of total energy delivered to the 
lungs is similar [11]. MP, reflecting the combined effect of 
various MV settings, has recently emerged as a real-life 
marker of VILI and predictor of clinical outcomes [11–
13, 16, 30, 40, 41].

Experimental research has linked MP to diffuse 
radiographic pulmonary edema, and increased in 
lung elastance [40], and has  suggested correlations 
between  MP and pulmonary neutrophilic inflammation  
[41]. A study including 8207 critically ill patients requir-
ing MV for > 48 h showed an association between MP at 
24–48  h and 30-day mortality, even at low  Vt and driv-
ing pressure, and independent of ARDS [12]. A combined 
analysis of 4549 patients with ARDS demonstrated an 
association between MP within 24 h and 28-day mortal-
ity [13]. A recent, combined analysis of three RCTs also 
found an association between MP and mortality in non-
ARDS populations, even after stratifying for individual 
components of MP [14]. In the cardiac arrest population, 
a sub-analysis of the targeted hypothermia versus tar-
geted normothermia after out-of-hospital cardiac arrest 
(TTM-2) trial including 1848 patients with HIE showed 
an association between MP in the first 72 h of MV and 
6-months mortality [15]. In other populations with ABI, 
only one retrospective study assessing 529 brain-injured 
patients demonstrated an association between MP in the 
first 24  h and ICU mortality, with MP being a stronger 
predictor of mortality compared to GCS [16].

Our findings are consistent with previous studies and 
complement this data by showing associations between 
MP and mortality in a large prospective cohort of ABI, 
measured at three different time points, controlling for 
BMI and same day P/F ratio. The associations in the early 
phases of MV, notable as early as HD1, suggest that there 
may be a critical time window during which MP could 
exert a deleterious effect. Also, the associations of MP 
with moderate-severe ARDS on HD1 and HD3 suggest 
that MP may be linked to poor outcomes by contribut-
ing to VILI. Additionally, we  found that MP is associated 
with reintubation and tracheostomy placement. Our abil-
ity to predict which patients with ABI can be extubated 
remains limited [17, 42]. Recent studies have identified 
predictors of successful extubation, such as eye move-
ments, gag, cough, secretion burden and GCS [17, 43–
45]. To our knowledge, this is the first study showing an 
association between ventilatory settings and reintubation 
or tracheostomy placement in brain-injured patients. Of 
note, the majority of patients  in our study who under-
went tracheostomy placement did not have an extubation 
trial, likely because providers had higher concerns about 
their ability to wean from MV and tended to favor tra-
cheostomy placement in those requiring more concern-
ing ventilator settings. More interestingly, the association 
between MP and reintubation after adjusting for other 
factors associated with extubation failure in the main 
ENIO analysis, warrants further investigation. Early inju-
rious effect of MV settings may render the lungs more 
vulnerable to subsequent ‘second hit-events’, such as aspi-
ration or pneumonia, or contribute to pulmonary edema 
post extubation.

While difficult to directly compare results due to dif-
ferences in methodology, our findings  suggest a consist-
ent increase in risk of death at lower thresholds (13  J/
min) compared to that identified in a general critical 
care population (17  J/min) [12]. These findings indicate 
that patients with ABI may be more prone to VILI and 
other potential detrimental effects of MV, possibly due to 
brain-lung crosstalk.

Our study has several limitations. First, this is an obser-
vational study, which limits conclusions regarding causal-
ity. MP is ultimately a composite of parameters that are 
thought to cause VILI but are also linked to higher dis-
ease severity at the same time. While we controlled for 
markers of disease severity and arterial blood gas values, 
additional aspects of the patients’ underlying condition 
and systemic illness may have contributed to ventila-
tor settings and higher MP in patients with worse clini-
cal outcomes. Therefore, we cannot rule out residual 
confounding or confounding by indication. Second, 
we assessed the associations between MP and clinical 



Page 12 of 16Wahlster et al. Critical Care          (2023) 27:156 

outcomes separately at three time points; we did not have 
data on MP during the entire period of MV and therefore 
could not assess the cumulative impact of MP on clinical 
outcomes. Additionally, since MP on HD1 may be cor-
related with high MP on subsequent days, it is not pos-
sible to determine whether the associations on HD1 are 
due to an early injurious effect or related to subsequently 
high MP levels and cumulative lung injury. Third, our 
sample size decreased over time; while measured clini-
cal characteristics across the time points are similar, the 
sample may differ by unmeasured covariates, so com-
parisons across time points are limited. Additionally, due 
to the smaller sample size at the later time points, some 
confidence intervals for associations on HD3 and HD7 
are wide, limiting our ability to draw conclusions. Forth, 
we had insufficient power to assess how associations 
between MP and clinical outcomes vary by ABI subtype 
due low sample size within each category. Given distinct 
underlying pathophysiologies for different ABI subtypes, 
further research is needed to investigate if the impact of 
MV varies between disease entities. Last, based on the 
data available, we could not discern how many patients 
demonstrated a spontaneous respiratory drive while on a 
controlled mode, and how their own respiratory efforts 
may have affected MP.

Despite these limitations, our findings can serve as 
groundwork for future research evaluating the impact 
of limiting exposure to high MP, cumulative impact of 
exposure to MP during MV, and assessing injurious MV 
thresholds in ABI compared to other critical care cohorts. 
Future studies are also needed to examine how differ-
ent components of the MP formula contribute to clinical 
outcomes, including conducting risk prediction modeling 
[46]. Also, studies collecting more frequent measure-
ments during MV are needed to assess the time varying 
exposure of MP controlling for time varying confounders 
such as sedation or hemodynamic data, potentially using 
G-estimation or other advanced epidemiologic methods 
[47]. Ultimately, randomized clinical studies are required 
to assess a causal relationship between MP and clinical 
outcomes.

Conclusions
Optimizing ventilator settings and limiting exposure 
to high MP during the first week of mechanical ventila-
tion may be associated with better clinical outcomes in 
patients with ABI.
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