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Time-varying intensity of mechanical ventilation and
mortality in patients with acute respiratory failure:
a registry-based, prospective cohort study

Martin Urner, Peter JUni, Bettina Hansen, Marian S Wettstein, Niall D Ferguson, Eddy Fan

Summary

Background Mortality in acute respiratory failure remains high despite the use of lung-protective ventilation. Recent
studies have shown an association between baseline ventilation parameters (driving pressure or mechanical power)
and outcomes for patients with acute respiratory distress syndrome. Strategies focused on limiting these parameters
have been proposed to further improve outcomes. However, it remains unknown whether driving pressure and
mechanical power should be limited over the entire duration of mechanical ventilation and in all patients with acute
respiratory failure. We aimed to estimate the association between exposure to different intensities of mechanical
ventilation over time and intensive care unit (ICU) mortality in patients with acute respiratory failure.

Methods In this registry-based, prospective cohort study, we obtained data from the Toronto Intensive Care Observational
Registry, which includes all patients receiving mechanical ventilation for 4 h or more in nine ICUs that are affiliated
with the University of Toronto (Toronto, ON, Canada). We included all adult (=18 years) patients who received invasive
mechanical ventilation between April 11, 2014, and June 5, 2019. Patients were excluded if they received treatment with
extracorporeal life support. The primary outcome was ICU mortality. Bayesian joint models were used to estimate the
strength of associations, accounting for informative censoring due to death during follow-up.

Findings Of 13 939 patients recorded in the registry, 13408 (96 - 2%) were eligible for descriptive analysis. The primary
analysis comprised 7876 (58-7%) patients with complete baseline characteristics, and a secondary analysis included
all 13408 patients after multiple imputation in the joint model analysis. 2409 (18-0%) of 13408 patients died in the
ICU. After adjustment for baseline characteristics, including age and severity of illness, a significant increase in
the hazard of death was found to be associated with each daily increment in driving pressure (hazard ratio 1-064,
95% credible interval 1-057-1-071) or mechanical power (hazard ratio 1-060, 95% credible interval 1-053-1-066).
These associations persisted over the duration of mechanical ventilation.

Interpretation Cumulative exposure to higher intensities of mechanical ventilation was harmful, even for short
durations. Limiting exposure to driving pressure or mechanical power should be evaluated in further studies as
promising ventilation strategies to reduce mortality in patients with acute respiratory failure.

Funding Canadian Institutes of Health Research.

Copyright © 2020 Elsevier Ltd. All rights reserved.

Introduction lung during each ventilatory cycle” Mechanical power

Mechanical ventilation is provided to more than 20 million
patients worldwide per year for the treatment of acute
respiratory failure.! Different ventilation strategies have
mainly been studied in patients with severe forms of acute
respiratory failure—acute respiratory distress syndrome
(ARDS). In these patients, evidence from randomised
controlled trials supports the limitation of tidal volumes
and plateau airway pressures.” Nevertheless, mortality of
patients with respiratory failure remains high,’ and
additional strategies have been sought to further mitigate
the risks of mechanical ventilation and improve patient
outcomes.* In observational studies, limiting driving
pressure and mechanical power have been proposed as
targets to reduce mortality’® Driving pressure is the
pressure applied by the ventilator to support the delivery
of tidal volumes and represents the strain applied to the
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combines multiple ventilatory variables, including driving
pressure, to estimate the amount of energy applied to the
lungs during mechanical ventilation.®

Previous studies focused on only the association between
driving pressure during the first 24 h of mechanical
ventilation and mortality** Moreover, findings from
studies of driving pressure or mechanical power in patients
with ARDS might not be generalisable to the broader
population of patients with acute respiratory failure.’
Furthermore, differences in baseline physiological profiles
between survivors and non-survivors do not prove that a
causal association exists between driving pressure or
mechanical power and patient-relevant outcomes, such as
mortality or length of intensive care unit (ICU) stay.”
Finally, it is unclear whether the strength of the association
between the intensity of mechanical ventilation and
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Research in context

Evidence before this study

Mortality in acute respiratory failure remains high despite the
use of lung-protective ventilation. For patients with acute
respiratory distress syndrome, recent studies have shown an
association between outcomes and baseline ventilation
parameters, such as driving pressure or mechanical power.
Therefore, ventilation strategies focused on limiting these
parameters have been proposed to further improve survival.
We searched Ovid MEDLINE without language restriction for
studies published from 1964 until May 26, 2020, with the
terms “mechanical ventilation” or "respiration, artificial”
“respiratory insufficiency” or “respiratory distress syndrome”,
in combination with either “driving pressure” or “mechanical
power”. We did not find reports investigating whether driving
pressure and mechanical power should be limited over the
entire duration of mechanical ventilation and in all patients
with acute respiratory failure.

and

outcome remains persistent over time, and whether there
is a cumulative effect of exposure to higher intensity
mechanical ventilation.

Therefore, our primary objective was to estimate the
effect of time-varying exposure to different intensities of
mechanical ventilation (as measured either by dynamic
driving pressure or mechanical power) on ICU mortality
in patients with acute respiratory failure. We also
examined whether the strength of the effect changed
over time, whether the effect was more pronounced for
patients with more severe acute respiratory failure, and
whether there was a cumulative effect of exposure over
time.

Methods

Study design and population

In this registry-based, prospective cohort study, data were
obtained from the Toronto Intensive Care Observational
Registry (iCORE), which includes all patients receiving
mechanical ventilation for 4 h or more in nine ICUs that
are affiliated with the University of Toronto. We included
all adult (=18 years) patients who received invasive
mechanical ventilation between April 11, 2014, and
June 5, 2019. Patients were excluded if they received
treatment with extracorporeal life support. For patients
admitted to the ICU more than once during the same
hospitalisation, we used only data from the initial
admission. The study was approved by the Research
Ethics Board of the University of Toronto (Toronto, ON,
Canada). As deidentified data are collected for the iCORE
registry, we obtained a waiver of consent from the
Research Ethics Board of each study site.

Procedures and outcomes
iCORE data include clinical variables, ventilation
parameters, blood gas, and laboratory measurements,

Added value of this study

In this registry-based cohort study including 13 408 patients,
we showed that each daily increment in dynamic driving
pressure (in cm H,0) or mechanical power (in J/min) was
associated with a significant increase in the hazard of death.
These associations persisted over the entire duration of
mechanical ventilation.

Implications of all the available evidence

Exposure to higher intensities of mechanical ventilation, even
for a short duration, is associated with higher mortality at any
timepoint during mechanical ventilation. Early and sustained
interventions to limit the exposure to higher driving pressure
and mechanical power might represent an important strategy
to further reduce mortality in patients with acute respiratory
failure.

collected once daily at 0800 h. For our analysis, we
considered acute respiratory failure to be the inability of
the body to maintain adequate gas exchange, requiring
support with mechanical ventilation (defined as the
invasive or non-invasive application of positive inspiratory
airway pressure). Patients were followed up from the
initiation of mechanical ventilation until death, ICU
discharge, liberation from mechanical ventilation for
more than 48 h, or 30 days in the ICU, whichever occurred
first. Patients liberated from mechanical ventilation for
more than 48 h or exceeding 30 days of staying in ICU
were censored in the analyses. Dynamic driving pressure
was calculated as peak inspiratory pressure minus
positive end-expiratory pressure, including spontaneously
breathing patients. Dynamic mechanical power was
calculated as 0-098 x respiratory rate x tidal volume x (peak
inspiratory pressure—(0-5xdynamic driving pressure)).*
To facilitate comparisons with previous studies,*” we also
reported static driving pressure (using end-inspiratory
plateau pressure instead of peak inspiratory pressure)
and static mechanical power (using static instead of
dynamic driving pressure) at baseline.

The primary outcome was ICU mortality. In secondary
analyses, we investigated whether the strength of
association between intensity of mechanical ventilation
and ICU mortality changed over time. We also quantified
the effect of cumulative response, and we examined
whether the severity of hypoxaemic respiratory failure
moderated the effects of time-varying driving pressure
and mechanical power on ICU mortality.

Statistical analysis

Patient characteristics are described as proportions for
categorical variables and mean (SD) or median (IQR) for
continuous variables. Cumulative incidence curves were
computed for death, discharge, or remaining alive in the
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ICU in competing risk models," stratified by severity of
hypoxaemia (ratio of partial pressure of oxygen [PaO,] to
fraction of inspired oxygen [FiO,]). To show the basic
relationships between baseline characteristics and ICU
mortality, cause-specific Cox proportional hazard models
were implemented using restricted cubic splines, to pre-
dict the relative hazard of death in ICU with 95% con-
fidence intervals; these were based on the PaO,/FiO,
ratio, ventilatory ratio defined as (minute ventilation
[mL/min]x partial pressure of carbon dioxide [mm Hg])/
(predicted bodyweight in kgx100 [mL/min]x37-5 [mm
Hg]),” driving pressure, or mechanical power® at baseline.

We used Bayesian joint models with shared random
effects to estimate the association of subject-specific longi-
tudinal profiles of either driving pressure or mechanical
power with ICU mortality.** Joint models allow one to
examine the effect of a time-varying, endogenous covariate
on a time-to-event outcome, accounting for non-random
dropouts due to death during follow-up. Shared parameter
joint models assume that all interdependencies between
the time-varying exposure and the time-to-event outcome
are explained by latent, subject-specific random effects,
after adjustment for baseline covariates. Similar to pre-
vious studies,’” we adjusted for the severity of illness, the
severity of hypoxaemic respiratory failure, and the degree
of ventilatory failure by adding the following covariates to
the models: age, Acute Physiology and Chronic Health
Evaluation (APACHE) III score, PaO,/FiO, ratio, and pH
at baseline.

We included the daily value of driving pressure or
mechanical power as time-varying exposure variables.
Natural cubic splines were used in both the fixed-effects
and randome-effects models to account for the non-
linearity of the longitudinal exposure profiles. The
primary analysis included all patients with measured
baseline characteristics and at least one measurement for
driving pressure or mechanical power over time.
Estimation was done using the JMbayes package with
JAGS version 4.3.0,% using the default settings of the
JMbayes package for the JAGS engine (iterations: 28000;
adapt: 3000; burn-in: 3000; thinning: 50). Model
diagnostics were done by visual inspection of the
diagnostic plots.” The results are presented as hazard
ratios (HR) with corresponding two-sided 95% credible
intervals (Crls) and two-sided p values, as derived from
the posterior distribution. The p values represent the tail
probabilities of containing the zero value.

Secondary analyses were done on the basis of the
initial joint model. To investigate whether the
association between intensity of mechanical ventilation
and ICU mortality changed over time (the initial joint
model assumed constant strength of association), we
included an interaction term with time using p-splines.”
To examine whether the severity of hypoxaemic
respiratory failure moderated the effects of time-varying
driving pressure and mechanical power on ICU
mortality, we included an interaction term with baseline
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PaO,/FiO, ratio. We quantified the effect of cumulative
exposure by estimating the association between the
number of days with potentially harmful exposure
(driving pressure =15 cm water [H,0] or mechanical
power =17 J/min®*) and ICU mortality. Furthermore, we
investigated the relationship between cumulative dose
and ICU mortality using the area under the longitudinal
profiles for either driving pressures of 15 cm H,O or
more, or mechanical power of 17 J/min or more, as a
measure of dose.

We did multiple imputation by chained equations
using the MICE package"” to account for missing data at
baseline by generating five imputed datasets for the full
study population. We repeated the joint model analyses
using the five imputed datasets to examine the
robustness of the findings from the complete case
analysis.” Two-sided p values of less than 0-05 were
considered statistically significant. All analyses were
done in R version 3.5.3. Computations were done on the
Niagara supercomputer at the SciNet High Performance
Computing Consortium.” This Article is reported
following the STROBE guidelines.”

Role of the funding source

The sponsors had no role in the study design, data
collection, data analysis, data interpretation, or writing of
the report. MU, PJ, MSW, and EF saw the raw dataset,
code, and analysis, and the corresponding author (EF)
had the final responsibility to submit for publication.

Results

Data from 13939 patients were recorded in the registry.
After excluding 531 (3-8%) patients who were on
extracorporeal life support (figure 1), we included
13408 patients in the descriptive analysis (table 1;

13939 patients recorded in database

531 patients excluded because on
extracorporeal life support

A

13408 patients included in descriptive analysis

5532 patients excluded*
4080 without Pa0,/Fi0, ratio or pH at
baseline (no blood gas
—> measurement)
598 without APACHE Il score at baseline
1041 with no driving pressure or
mechanical power measurements

A 4

7876 patients included in joint model analyses

Figure 1: Study profile

Pa0,=partial pressure of oxygen. FiO,=fraction of inspired oxygen.
APACHE=Acute Physiology and Chronic Health Evaluation. *Patients could fulfill
multiple exclusion criteria.

Foranalyses in R see
http://www.r-project.org
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All patients (n=13408) Stratification by PaO,/FiO, ratio*

days

>300 mm Hg >200to <300 mmHg >100to <200 mmHg <100 mm Hg

(n=3349) (n=2753) (n=2463) (n=767)
Characteristics
Age, years 62 (50-73) 59 (45-70) 64 (53-73) 63 (53-74) 63 (51-74)
Weight, kg 75 (63-90) 72 (60-85) 76 (65-90) 78 (65-94) 75 (62-91)
Height, cm 169 (160-177) 169 (161-177) 169 (160-177) 169 (161-177) 167 (158-177)
Women 5141 (38-3%) 1265 (37-8%) 1014 (36-8%) 945 (38-4%) 312 (40-7%)
Men 8267 (61-7%) 2084 (62-2%) 1739 (63-1%) 1518 (61-6%) 455 (59:3%)
APACHE Ill score 68 (50-88) (46 81) 70 (52-88) 77 (60-96) 90 (65-111)
SOFA score 5(2-8) 5(3- 6 (4-9) 7 (4-10) 9(7-12)
Pa0,/Fi0,, mm Hg 253 (168-345) 378 (337-435) 251 (226-276) 156 (132-178) 79 (66-90)
Ventilatory ratio -5(1:2-1:9) -4 (1-1-1-7) -5(12-1-9) 7 (1:4-2-2) 2-1(1-6-27)
Outcomes
ICU mortality at 30 days 2360 (17-6%) 425 (12:7%) 449 (16-3%) 587 (23-8%) 312 (40-7%)
ICU mortality 2409 (18-0%) 433 (12 9%) 8 (16-6%) 598 (24-3%) 323 (42:1%)
Duration of ICU stay, days 4(2-9) 4 (2- 4(2-9) 6 (3-11) 5(2-12)
Duration of mechanical ventilation, 3(1-6) 3(1- 3(2-7) 4(2-9) 4 (2-10)

Data are median (IQR) or n (%). PaO,=partial pressure of oxygen. FiO,=fraction of inspired oxygen. APACHE=Acute Physiology and Chronic Health Evaluation.
SOFA=Sequential Organ Failure Assessment. ICU=intensive care unit. *Values are given for patients in whom a blood gas analysis was done within the first 24 h.

Table 1: Baseline characteristics and outcomes of patients with acute respiratory failure

pressure were available for only 1633 patients.

All patients Stratification by PaO,/FiO, ratio*
(n=13408)
>300 mm Hg >200to <300 mmHg >100to <200 mmHg <100 mm Hg
(n=3349) (n=2753) (n=2463) (n=767)

FiO, (%) 40 (35-50) 40 (30-41) 40 (37-50) 50 (50-70) 100 (80-100)
Set respiratory rate, min™ 20 (18-24) 18 (16-22) 20 (18-24) 22 (18-26) 24 (20-30)
Measured respiratory rate, min™ 20 (17-25) 19 (16-24) 20 (18-25) 22 (18-28) 25 (20-30)
Tidal volume per predicted bodyweight, 6-9 (6-1-8-1) 6-9 (6-1-8-1) 6-9 (6-1-8-1) 6-9 (6-0-8-0) 6-7 (6:0-7-9)
ml/kg
Positive end-expiratory pressure, cm H,0 5(5-8) 5 (5-6) 5(5-8) 8 (5-10) 10 (8-12)
Peak inspiratory pressure, cm H,0 20 (15-25) 18 (15-22) 20 (16-25) 24 (19-29) 28 (23-33)
Static driving pressure, cm H,01 11(8-14) 10 (8-12) 11(8-14) 12 (9-15) 12 (8-15)
Dynamic driving pressure, cm H,0 13(9-17) 12 (9-16) 14 (10-17) 15 (11-19) 17 (13-22)
Static mechanical power, J/mint 17 (13-24) 15 (11-19) 17 (13-23) 21(15-29) 27 (19-37)
Dynamic mechanical power, J/min 11(8-16) 10 (7-13) 11(8-16) 15 (10-20) 19 (13-25)
Gas exchange*

Arterial pH 7-35(7-29-7-41) 7:37 (7-32-7-42) 7-36 (7-30-7-41) 7-33 (726-7-40) 729 (718-7-37)

PaCo, 40 (35-46) 38 (34-43) 40 (35-45) 42 (36-49) 46 (39-56)

Pao, 104 (82-135) 136 (114-166) 104 (87-122) 82 (71-98) 67 (55-80)

Sa0, or SpO, 98 (96-99) 99 (98-100) 98 (96-99) 96 (94-98) 94 (90-96)

Data are median (IQR). PaO,=partial pressure of oxygen. FiO,=fraction of inspired oxygen. PaCO,=partial pressure of carbon dioxide. Sa0,=peripheral arterial oxygen
saturation. SpO,=peripheral capillary oxygen saturation. *Values are given for patients in whom a blood gas analysis was done within the first 24 h. tValues for plateau

Table 2: Ventilator settings and gas exchange on the day of initiation of mechanical ventilation

See Online forappendix ~ appendix p 7). The patients had a median age of 62 years

(IQR 50-73), and 5141 (38-3%) of them were women.
Most patients required mechanical ventilation because
of the development of an acute neurological condition
(4464 [33-3%] patients) or the presence of acute
respiratory failure (9486 [70-7%] patients) for a variety of

underlying conditions (some patients had multiple
reasons for initation of mechanical ventilation;
appendix p 8).

The characteristics of mechanical ventilation during
the first 24 h of acute respiratory failure are described
in table 2 and in the appendix (pp 4-6). Tidal volumes
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were lower or equal to 8 mL/kg per predicted body-
weight in 9797 (73-1%) patients. Positive end-expiratory
pressure was higher in patients with more severe
hypoxaemia (table 2). Plateau pressures were available in
only 1633 (12-2%) patients, of whom 1606 (98-3%) had
a plateau pressure below 30 cm H,O and 1309 (80-2%)
had a static driving pressure below 15 cm H,O.
Static mechanical power was 17 J/min or more in
802 (50-5%) patients during the first 24 h of initiation
of mechanical ventilation.

Overall, 2409 (18-0%) of 13408 patients died in ICU,
of whom 2360 (98-0%) died within the first 30 days of
mechanical ventilation. The median length of ICU stay
was 4 days (IQR 2-9), and the median duration of
mechanical ventilation was 3 days (IQR 1-6; table 1).
More severe acute respiratory failure, characterised by a
lower PaO,/FiO, ratio, was associated with increased
ICU mortality, particularly in patients with a PaO,/FiO,
ratio below 200 mm Hg (figure 2A, B). Impaired
ventilation, as reflected by a higher ventilatory ratio, was

also associated with an increased hazard of death in
ICU (figure 2C). Patients with a higher dynamic driving
pressure or mechanical power at baseline were more
likely to die (figure 3A; appendix p 10). Similarly, static
driving pressure of at least 15 cm H,O or mechanical
power of at least 17 J/min at baseline were associated
with higher ICU mortality (figure 3B; appendix p 10).

0f13408 patients in the descriptive analysis, 7876 (58 -7%)
patients had measurements for the PaO,/FiO, ratio,
APACHE III score, pH, driving pressure, and mechanical
power at baseline, and were included in the joint model
analyses (figure 1). In the joint model analysis, 1661 (21-1%)
of 7876 patients died within the first 30 days after the
initiation of mechanical ventilation. After adjusting for
age, APACHE III score, baseline PaO,/FiO, ratio, and
baseline pH, both the time-varying dynamic driving
pressure (HR 1.064 per cm H,0, 95% Crl 1-057-1-071)
and mechanical power (HR 1-060 per J/min, 95% Crl
1-053-1-066) were associated with an increased risk of
death in ICU (appendix p 11).

A Pa0,/Fi0, ratio
Patient outcome WM InICU [ Dead [ Discharged

>300 mm Hg >200 to <300 mm Hg
100

75

50

25

Cumulative probability (%)

>100 to <200 mm Hg

<100 mm Hg

0 T T T 1 T T T

Time (days) Time (days)

n=9332 (1773 events)
Reference: Pa0,/Fi0,=300 mm Hg

Hazard ratio

[J 95% confidence interval
— Hazard ratio of death in ICU

0 10 20 30 0 10 20 30

T T 1 T T T 1
10 20 30 0 10 20 30

Time (days)

Time (days)

n=5831 (1044 events)
Reference: ventilatory ratio=1

0-5

Pa0,/FiO, ratio at baseline

T T T 1
0 100 200 300 400

T T 1
0 1 2 3

Ventilatory ratio at baseline

Figure 2: Outcomes in relation to gas exchange characteristics at baseline

(A) Cumulative probability curves stratified by baseline PaO,/FiO, ratio. (B) Relative hazard of death in the ICU predicted on the basis of baseline PaO,/FiO, ratio.

(C) Relative hazard of death in the ICU predicted on the basis of baseline ventilatory ratio, calculated as (measured minute ventilation x measured PaCO,) / (expected
minute ventilation x ideal PaCO,). Expected minute ventilation is 100 x predicted bodyweight in kg x 100 (mL/min). The unadjusted relationships between the two
types of respiratory failure and ICU mortality were estimated using cause-specific Cox proportional hazard models. ICU=intensive care unit. PaO,=partial pressure of

oxygen. FiO,=fraction of inspired oxygen. PaCO,=partial pressure of carbon dioxide.
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A Association of mortality with dynamic driving pressure
at baseline
44

HR per 1 cm H,0 increase in driving pressure

n=10 591 (1994 events)

Reference: driving pressure=5 cmH,0

05 T T T 1
0 10 20 30 40

Driving pressure (cm H,0)

C Time-varying effect of dynamic driving pressure

1-23 4
1194
116
113
1-09

1-06

HR per 1 cm H,0 increase in driving pressure

1-03

1.00 T T T T T 1
0 5 10 15 20 25 30

Follow-up time (days)

Number at risk 7876 2802 1407 785 490 306 159

B Association of mortality with static driving pressure

at baseline
354
30
k=
5 -
o
<]
g
% 20
£
v 15
&
=3
E 104
S
o — <15 cm H,0 (223 events; HR 0-030)
— 215 cm H,0 (98 events; HR 0-051)
HR 167 (1-44-1-91)
0 T T T T T 1

T T T T
0 3 6 9 12 15 18 21 24 27 30
Number at risk Follow-up time (days)
<15cmH,0 1309 654 389 249 178 137 97 74 53 41 28
215cmH,0 324 163 113 68 46 34 26 20 16 12 8

D Effect of time-varying, dynamic driving pressure by
baseline severity of respiratory failure

300 - 1060 (1-048-1-070)
250 ¢ 1.055 (1-045-1.065)

o ' :

g : :

S 200 : - 1.053 (1.042-1.063)

= : :

& : \

2 150+ : —&— 1.056 (1-043-1-068)
100 : —— 1.066 (1-.049-1-081)
50 : ——@— 1.082(1.060-1.101)

; T T 1
100 104 108 112

HR per 1cm H,0 increase in dynamic
driving pressure

Figure 3: Association between driving pressure and ICU mortality during mechanical ventilation

(A) Unadjusted relationship between dynamic driving pressure at baseline and relative hazard of death in the ICU, estimated using a cause-specific Cox proportional
hazard model (n=10 591 patients with available dynamic driving pressure at baseline). (B) Differences in the cumulative incidence of death on the basis of static
driving pressure at baseline (n=1633 patients with available data on the static measurements). (C) Time-varying HR obtained from a Bayesian joint model estimating
the association between dynamic driving pressure and ICU mortality; the association persisted for the entire duration of mechanical ventilation (n=7876 patients
with available baseline data on disease severity). (D) A Bayesian joint model including an interaction term with the PaO,/FiO, ratio at baseline was used to investigate
whether the association of time-varying driving pressure and ICU mortality is moderated by the severity of acute respiratory failure (n=7876 patients with available
baseline data on disease severity). Shaded areas represent 95% Cl in panels A and B, and 95% credible intervals in panel C; lines either side of the dot represent

95% credible intervals in panel D. ICU=intensive care unit. HR=hazard ratio. PaO,=partial pressure of oxygen. FiO,=fraction of inspired oxygen.

Three secondary analyses were done. First, we observed
that the strength of the association between the intensity
of mechanical ventilation (as measured by driving
pressure and mechanical power) and ICU mortality was
persistent across the entire duration of mechanical
ventilation (figure 3C; appendix p 10). Second, the severity
of acute respiratory failure moderated the effect of time-
varying driving pressure, as reflected by an increase in
the strength of association at lower PaO,/FiO, ratio
(figure 3D; appendix p 10). Third, we measured a
cumulative effect of exposure to potentially harmful

intensities of mechanical ventilation (table 3). An increase
in the hazard of death was associated with every additional
day of exposure to either driving pressure of greater than
or equal to 15 cm H,0 (HR 1-049 per day, 95% Crl
1-023-1-076) or mechanical power greater than or equal
to 17 J/min (HR 1-069 per day, 95% Crl 1-047-1-092).
Likewise, a higher cumulative dose of potentially
injurious intensity of mechanical ventilation was
associated with an increased hazard of death for driving
pressure (HR 1.004 per cm H,Oxdays of exposure,
95% Crl 1-003-1-005) and mechanical power (HR 1:003
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per J/minxdays of exposure, 95% Crl 1-002-1-004;
appendix p 12).

Detailed information about missing data is provided in
the appendix (pp 13-18). Results of the analyses using
datasets generated by MICE were similar to the complete
case analyses. The patients excluded from the complete
case analysis had lower APACHE scores, less severe acute
respiratory failure (a moderator for the effect of driving
pressure), and a better outcome (appendix p 15), which is
reflected in marginally lower estimates for the effects of
time-dependent driving pressure and mechanical power
than in the complete case analysis (appendix p 19).

Discussion

Exposure to higher mechanical ventilation intensity, as
measured by dynamic driving pressure or mechanical
power, at any timepoint was associated with higher
mortality in ICU for patients with acute respiratory
failure. The strength of effect remained persistent over
the entire duration of mechanical ventilation. Harmful
effects of driving pressure (but not mechanical power)
were modulated by the severity of acute respiratory
failure, with a stronger association between driving
pressure and mortality in patients with a lower PaO,/FiO,
ratio. Importantly, we observed a cumulative effect
over time; every additional day of mechanical ventilation
at potentially injurious levels (ie, driving pressure
215 cm H,0 or mechanical power =17 J/min) was
associated with an increased risk of death in the ICU.
Therefore, limiting the intensity of mechanical venti-
lation in all patients with acute respiratory failure could
result in improved outcomes.

Our cohort is comparable with other large cohorts of
mechanically ventilated patients with regard to patients’
baseline characteristics and mortality rates.*” In most of
our patients, tidal volumes, plateau, and static driving
pressure on the day of initiation of mechanical ventilation
were within the recommended limits of lung-protective
ventilation for patients with ARDS.? Consistent with
another study of a large cohort of mechanically ventilated
patients,’ we showed similar relationships between other
baseline ventilation variables (eg, between peak inspiratory
pressure and tidal volumes, or between FiO, and positive
end-expiratory pressure) and outcome. Interestingly, half
of our cohort exceeded a previously described threshold
for injurious mechanical power (=17 J/min) at baseline.®
This is probably partly related to the fact that mechanical
power, in contrast to driving pressure, is currently not
routinely calculated and measured in our patients, as is
also true for most ICUs worldwide.

Our study builds on previous findings linking baseline
driving pressure and mechanical power to mortality in
patients with ARDS.**¢ Our results suggest that clinicians
must pay close attention to driving pressure and
mechanical power from the start of ICU admission, and
that efforts to limit exposure to potentially harmful levels
of driving pressure and mechanical power should be
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Exposure to high driving pressure

Exposure to high mechanical
power

HR estimate (95% Crl)  p value

HR estimate (95% Crl)  p value

Baseline variables

Pa0,/Fi0,, mm Hg 0-945(0-896-0-994) 0026  0.977

oxygen. APACHE=Acute Physiology and Chronic Health Evaluation.

0-930-1-031) 038

(
Age, years 1-108 (1-048-1-160) <0-0001  1-128 (1-080-1:182) <0-0001
APACHE Ill score 1.602 (1.526-1.680)  <0-0001  1.591(1524-1.669)  <0-0001
APACHE pH 0-832(0-809-0-859)  <0-0001  0-840 (0-820-0-864)  <0-0001
Time-varying variables
Days with driving pressure 1049 (1:023-1-076) <0-0001
>15cmH,0
Days with mechanical power 1.069 (1.047-1-:092)  <0-0001
>17)/min

1622 (20-6%) of 7876 patients died; 64 281 daily observations were recorded. HRs were the adjusted HRs
associated with a 1-SD increment in the given variable. Values higher than 1 indicate increased mortality. The
values used for SDs were as follows: PaO,/FiO, ratio 119; pH 0-11; age 17 years; and APACHE Ill score 29. The
effects of the number of days with either driving pressure greater than or equal to 15 cm H,0 or mechanical
power greater than or equal to 17 J/min were estimated using Quasi-Poisson models in the joint model
analyses. HR=hazard ratio. Crl=credible interval. PaO,=partial pressure of oxygen. FiO,=fraction of inspired

patients with available data

Table 3: Cumulative effect on HRs of exposure to high intensities of mechanical ventilation for 7876

maintained throughout the entire course of mechanical
ventilation. The longitudinal association between higher
driving pressure or mechanical power and increased
ICU mortality lends support to the notion of a causal
relationship between driving pressure, mechanical power,
and mortality. Therefore, these findings should be
regarded as hypothesis-generating and further studies are
needed to examine whether sustained interventions
(ie, the initiation of extracorporeal life support) should be
considered early, to avoid additional exposure to potentially
harmful levels of driving pressure and mechanical power.

On the basis of our findings, clinicians could consider
driving pressure and mechanical power as targets to
guide mechanical ventilation in all patients with acute
respiratory failure. This is of considerable importance
because patients with ARDS only represent a small
subgroup of the large population of patients with acute
respiratory failure. In addition, ARDS is frequently
under-recognised and, therefore, often inappropriately
treated.’ It could be argued that our findings are driven
solely by a strong beneficial effect in patients with ARDS.
However, we think that this is unlikely because of the low
prevalence of ARDS in our cohort and the strength of the
observed effect. Our findings are relevant to all patients
with acute respiratory failure, regardless of the diagnosis.
Finally, the severity of hypoxaemic respiratory failure
modulated the effect of driving pressure on ICU
mortality, which might explain why heterogeneous
results have previously been described for the effects of
driving pressure in patients without ARDS.?*

Our study has several important limitations. On the
basis of our findings, we suggest a causal relationship
between time-varying intensity of mechanical ventilation
and ICU mortality. The shared parameter joint models
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used in our studies have the assumption that all
interdependencies between the longitudinal covariates
and the time-to-event outcome are explained by latent,
subject-specific random effects, after adjustment for
baseline covariates. This is a strong assumption that also
implies that all of the baseline covariates are measured
without error, with no residual confounding, and a
correctly specified random effect and slope. If these
assumptions are true, the observed estimates are probably
independent of disease severity and other ventilator
settings (such as tidal volumes, peak inspiratory pressure,
or positive end-expiratory pressure) changing over time,
and conditional exchangeability is provided. The clear
dose—effect relationship between the intensity of mech-
anical ventilation and the outcome observed in our study
provides added support for a causal relationship. Finally,
our results were consistent with a causal mediation
analysis showing that baseline driving pressure was a key
ventilatory variable associated with mortality in patients
with ARDS.* Nonetheless, a ventilation strategy limiting
driving pressure or mechanical power would ultimately
need evaluation in clinical trials. However, a clinical trial
to show a significant difference in mortality of about 2-5%
would require the inclusion of 5000-11000 patients.

A second limitation is that harmful stress and subsequent
lung injury are caused by transpulmonary driving pressure
(the pressure in the alveoli), but we only had measurements
of static or dynamic airway driving pressure. Similar to
other cohorts of mechanically ventilated patients,*** static
measurements of plateau pressure were available in only a
minority of patients. Airway driving pressure does
correlate with transpulmonary driving pressure, but it
represents only a surrogate, which might be affected by
numerous factors (eg, resistive pressures, chest wall
compliance, and spontaneous breathing).”*” Third, our
study included all patients who received mechanical
ventilation, which makes the results generalisable.
Consequently, significant heterogeneity might exist
between diagnostic groups that is not detected in our
analysis. Finally, the iCORE registry, like all databases with
routinely collected data, comprises records with missing
values. However, joint models are particularly robust when
analysing datasets with missing data.® Moreover, the
results from our primary analysis were robust in sensitivity
analyses accounting for missing data using MICE.

In conclusion, driving pressure and mechanical power
should be carefully monitored during mechanical
ventilation. Cumulative exposure to higher intensities of
mechanical ventilation was harmful, even for short
durations. Early and sustained interventions to limit the
exposure to higher driving pressure and mechanical
power might represent an important strategy to further
reduce mortality in patients with acute respiratory failure.
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