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Abstract

Background: Mechanical power is a composite variable for energy transmitted to the respiratory system over time
that may better capture risk for ventilator-induced lung injury than individual ventilator management components.
We sought to evaluate if mechanical ventilation management with a high mechanical power is associated with fewer
ventilator-free days (VFD) in children with pediatric acute respiratory distress syndrome (PARDS).

Methods: Retrospective analysis of a prospective observational international cohort study.

Results: There were 306 children from 55 pediatric intensive care units included. High mechanical power was
associated with younger age, higher oxygenation index, a comorbid condition of bronchopulmonary dysplasia,
higher tidal volume, higher delta pressure (peak inspiratory pressure—positive end-expiratory pressure), and higher
respiratory rate. Higher mechanical power was associated with fewer 28-day VFD after controlling for confounding
variables (per 0.1 J-min~'.Kg~' Subdistribution Hazard Ratio (SHR) 0.93 (0.87, 0.98), p=0.013). Higher mechanical
power was not associated with higher intensive care unit mortality in multivariable analysis in the entire cohort (per
0.1 J-min~"-Kg=" OR 1.12[0.94, 1.32], p=0.20). But was associated with higher mortality when excluding children who
died due to neurologic reasons (per 0.1 J-min~"-Kg~' OR 1.22 [1.01, 1.46], p=0.036). In subgroup analyses by age, the
association between higher mechanical power and fewer 28-day VFD remained only in children < 2-years-old (per

0.1 J-min~"-Kg~" SHR 0.89 (0.82, 0.96), p=0.005). Younger children were managed with lower tidal volume, higher
delta pressure, higher respiratory rate, lower positive end-expiratory pressure, and higher PCO, than older children. No
individual ventilator management component mediated the effect of mechanical power on 28-day VFD.

Conclusions: Higher mechanical power is associated with fewer 28-day VFDs in children with PARDS. This association
is strongest in children < 2-years-old in whom there are notable differences in mechanical ventilation management.
While further validation is needed, these data highlight that ventilator management is associated with outcome in
children with PARDS, and there may be subgroups of children with higher potential benefit from strategies to improve
L lung-protective ventilation.
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Take Home Message: Higher mechanical power is associated with fewer 28-day ventilator-free days in children with
pediatric acute respiratory distress syndrome. This association is strongest in children <2-years-old in whom there are

notable differences in mechanical ventilation management.

Keywords: Ventilators, Mechanical, Ventilator-induced lung injury, Critical care, Pediatrics

Background

Mechanical power is an estimate of the mechanical
energy per minute that is applied to the respiratory sys-
tem. Power is work divided by time where work is force
exerted over a distance. The dissipation of excessive force
or energy to the lung has been proposed to lead to venti-
lator-induced lung injury. Rather than separately assess-
ing risk for lung strain or lung stress, mechanical power
integrates these concepts, with respiratory rate and flow
which may also contribute to ventilator induced lung
injury [1-3]. In adults with acute respiratory distress syn-
drome (ARDS), higher mechanical power has been asso-
ciated with higher mortality [4—7].

The original derivation of mechanical power intro-
duced by Gattinoni et al., relied on transpulmonary
pressure measurement and was applied only to patients
on volume-controlled ventilation (constant flow) [8]. As
transpulmonary pressure measurements and volume-
controlled ventilation are not commonly used, it was ini-
tially difficult to test this concept in children. There are
now several proposed surrogates or simplified equations
for mechanical power allowing calculation on pressure-
controlled ventilation with more routinely available data
[9]. Nevertheless, because there are age-based differences
in respiratory rate and tidal volume, methods need to
consider normalization of these variables to adequately
interpret mechanical power estimates in children.

Using simplified equations normalized to predicted
body weight, we tested if higher mechanical power is
associated with fewer ventilator-free days (VED) in chil-
dren with pediatric ARDS (PARDS). We also determined
if the association between mechanical power and VFD
differed by age, or hypoxemia severity. Finally, we sought
to understand which ventilator management components
included in mechanical power were most associated with
VEDs in children and if mechanical energy (which does
not include the age-dependent variable of respiratory
rate) is associated with VFDs.

Methods

We performed secondary analyses of the Pediatric Acute
Respiratory Distress Syndrome Incidence and Epidemiol-
ogy (PARDIE) study data [10]. PARDIE was an interna-
tional prospective point prevalence study of children with
newly diagnosed PARDS during 10 distinct study weeks
in 2016 and 2017. Some PARDIE sites agreed a priori to

contribute ventilator management data every 6 h dur-
ing PARDS days 0—3 (PARDIE study V.2.) [11]. PARDIE
study details are published separately [10-14]. The Chil-
dren’s Hospital Los Angeles (CHLA) Institutional Review
Board (IRB) (CHLA 16-0043) originally approved the
PARDIE protocol. Except for one site, waiver of informed
consent was granted by local IRBs.

Study inclusion criteria

Children with PARDS managed on pressure-controlled,
volume-controlled,  pressure-regulated volume-con-
trolled conventional ventilation within 24 h of PARDS
diagnosis. Study Exclusion Criteria: Missing data, death,
or transition to non-conventional ventilation limiting
ability to calculate mechanical power at >2 of the 6-h
measurement time points within 24 h of PARDS diag-
nosis. Extracorporeal membrane oxygenation support
within 24 h of PARDS diagnosis.

Our primary objective was to evaluate the association
between mechanical power and 28-day VFD IMV (days
alive and free from invasive mechanical ventilation in
the 28 days after PARDS diagnosis). Secondary objec-
tives included assessing the association between 28-day
VED IMV and (1) mechanical power stratified by age and
PARDS severity; (2) mechanical energy; (3) individual
components of mechanical power (tidal volume [V],
respiratory rate [RR], peak inspiratory pressure [PIP],
positive end-expiratory pressure [PEEP], delta pres-
sure [PIP-PEEP]) [15]. We hypothesized high mechani-
cal power was associated with fewer 28-day VFD IMV.
We assessed ICU mortality, 28-day VFD (IMV and NIV)
(accounting for invasive and non-invasive mechanical
ventilation), and time to extubation in survivors as sec-
ondary outcomes.

Mechanical power was calculated at each 6-h measure-
ment time point using the simplified equation proposed
by Gattinoni et al., for volume-controlled ventilation
and the surrogate equation proposed by Becher et al. for
pressure-controlled ventilation (and pressure-regulated
volume-controlled ventilation) [8, 16]. Other proposed
methods of mechanical power were not considered as we
did not have the required data variables, or reasonable
surrogates [9]. PIP was substituted for plateau pressure
in the volume-controlled equation (plateau pressure was
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rarely reported for children in this study), and mechani-
cal power was normalized to predicted body weight [17,
18].

Mechanical Power (Volume - Controlled Ventilation)

(- min~! . Kg™! predicted body weight)

= (VT (ml) x [PIP—delta pressure/2] x RR x 0.000098)
/predicted body weight (kg)

Mechanical Power (Pressure - Controlled Ventilation);

(- min~! - Kg~! predicted body weight)

= (VT (ml) x [PEEP + delta pressure] x RR x 0.000098)
/predicted body weight (kg)

Mechanical Energy was calculated using the previ-
ous equations, removing the RR component, at each
6-h measurement time point. We evaluated mechanical
energy as mechanical power is dependent on RR, and
there are age-dependent differences in physiologic RR.

Any child with ICU mortality was assigned zero 28-day
VED. A PARDS severity of illness score from a published
predictive model for PARDS mortality and length of
ventilation which adjusts for PaO,/FiO, ratio, fluid bal-
ance, vasopressor-inotrope score, organ dysfunction, and
immunocompromised conditions was used to control
for initial disease severity in the analysis [12]. This pre-
dictive model was developed in the PARDIE cohort and
validated in a separate cohort. Additional demographic,
comorbidity, and management variables available from
the PARDIE studies were considered for confounding
or effect modification in the analysis (Online Additional
file 1: Methods Supplement Table).

Statistical analysis

Median parameters from ventilator data calculated
using 6-h measurement times points over the first 24 h
of PARDS were used for the analysis. Primary analyses:
A multivariable competing risk regression model for
risk of extubation at any given time (controlling for the
competing risk of death, censored at 28 days of ventila-
tion) and adjusting for center level effects using clus-
ter robust standard errors was constructed to evaluate
the association between mechanical power and 28-day
VED IMV [19]. Due to previously described limitations
in multivariable modeling for the outcome of 28-day
VED directly, risk of extubation at any given time with
the competing risk of death was primarily modeled,
as a surrogate for 28-day VFD to ease interpretation
of the results [20]. Based on biological plausibility, the
multivariable model controlled for the pre-specified
PARDS severity of illness score. Additional variables
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(site-specific, demographic, comorbidities, etc.) were
considered as possible confounders for the multivari-
able model (Online Additional file 1: Methods Supple-
ment Table). Variables were retained as confounders if
they changed the mechanical power effect estimate by
>15%. Mechanical power is calculated based on mode
of ventilation; therefore, ventilator mode was included
in the model. Interaction terms were considered; how-
ever, there were no terms with a p <0.1. Similar mul-
tivariable models, logistic regression (ICU mortality),
competing risk regression (28-day VFD [invasive and
non-invasive ventilation]), and cox regression (time to
extubation, survivors), were constructed for the sec-
ondary outcomes. All models were assessed for good-
ness of fit, multicollinearity, influence of outliers, and,
as indicated, for confirmation of the proportional-haz-
ards assumption as described in the Online Additional
file 1: Methods Supplement.

We performed multiple sensitivity analyses to further
explore and confirm our results. These are described
briefly as follows with additional information available in
the Online Additional file 1: Methods Supplement. Sen-
sitivity Analysis 1: We performed a subgroup analysis
excluding children with neurologic death from multivari-
able modeling for the outcome of ICU mortality as ven-
tilator induced lung injury is less likely to be a significant
contributor to death in these children. Sensitivity Analy-
sis 2: Due to differences in mechanical power calculation
based on mode of ventilation, we performed a subgroup
analysis in children receiving only pressure-controlled
ventilation. Sensitivity Analysis 3: We developed a pro-
pensity score for use of high mechanical power to inverse
probability weight a competing risk regression model
to confirm our main results. Sensitivity Analysis 4: We
performed stratified analysis by age and PARDS severity
to determine if these factors modified the relationship
between mechanical power and outcome. Due to differ-
ences found by age, we described ventilator management
by age and performed two additional sensitivity analyses.
Sensitivity Analysis 5: We performed a subgroup analy-
sis excluding children at highest risk of increased lower
airway resistance (prematurity <32 weeks estimated ges-
tational age or bronchopulmonary dysplasia). Sensitiv-
ity Analysis 6: We developed a propensity score for use
of high mechanical power specific to children <2-years-
old for inverse probability weighting of a competing risk
regression model in children <2-years-old. Sensitivity
Analysis 7: To further explore the influence of respiratory
rate on the association between mechanical power and
outcome, we assessed the association between mechani-
cal energy, which does not require respiratory rate, and
outcome including a stratified analysis by age. Sensi-
tivity Analyses 8: As mechanical power is comprised
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Children enrolled in PARDIE V.0. Study
n=708

H Children from centers not participatingin PARDIE V.2. Study n=202

n=506

Children with submitted data for PARDIE V.2. Study

Data unavailable for first 24 hours of PARDS n=17

Irreconcilable data discrepancies between V.0. and V.2. data sets=1
Children not on controlled conventional ventilation duringfirst 24
hours of PARDS n=99 (non-invasive ventilation: n=66, non-
conventional ventilation: n= 23, support mode: n=10)

v

n=389

Children on controlled Conventional Ventilation duringfirst 24 hours of PARDS

Data not available to calculate Mechanical Power (n=48)
r— Extracorporeal Membrane Oxygenation during first 24 hours (n=3)
Children with only one Mechanical Power measurement (n=32)

A 4

Children Included in Analyses
n=306

Fig. 1 Enrollment Flow Chart. Non-conventional ventilation included high frequency oscillatory ventilation and airway pressure release ventilation.
Data required to calculate mechanical power included predicted body weight (requires height to calculate) and ventilator management variables

of multiple components of ventilator management; we
examined the association between each component and
outcome through univariable and multivariable modeling
and a mediation analysis. We did not use delta pressure
and PIP in any model together due to multicollinearity
(tested using variance inflation factors and tolerance).

Additional details on data management, variable defi-
nitions, and the statistical analysis are available in the
Online Additional file 1: Methods Supplement.

Results

There were 506 children enrolled in the PARDIE V.2.
study, 306 of these children from 55 international PICU’s
were included in this analysis (Fig. 1). ICU mortality was
16%, median 28-day VFD IMV were 19.1 (IQR 8.1, 23.4).
Mode of ventilation was pressure-controlled in 39.5%,
volume-controlled in 17.3%, pressure-regulated volume
control in 30.4%, and multiple modes were used in 12.7%.
The total respiratory rate was similar to the set ventila-
tor rate for most children (median difference 0 [IQR 0,
4]). When examining children by quartiles of mechani-
cal power, younger children, children with a higher
oxygenation index, and children with a comorbidity of
bronchopulmonary dysplasia were more often venti-
lated with higher mechanical power (Table 1). Vi, RR,
PIP, PEEP, and delta pressure increased across mechani-
cal power quartiles as did the percentage of children on
pressure-controlled ventilation. Median V. was 8.8 ml/kg
predicted body weight in the highest mechanical power

quartile. Children with a higher mechanical power had a
higher PCO, and lower pH.

Primary outcome

Higher mechanical power was associated with fewer
28-day VED IMV in univariable analysis after adjust-
ing for center level effects (per 0.1 J-min~'-Kg~! pre-
dicted body weight SHR 0.89 [0.84, 0.94], p<0.0001)
and in multivariable modeling after controlling for
center-level effects and confounding variables includ-
ing the pre-specified PARDS severity of illness score,
a comorbidity of bronchopulmonary dysplasia, height,
PCO,, and mode of ventilation (per 0.1 J-min~!-Kg™!
predicted body weight SHR 0.93 [0.87, 0.98], p=0.013)
(Table 2).

Secondary outcomes

Mechanical power was associated with higher ICU
mortality in univariable analysis after adjusting for
center level effects (per 0.1 J-min~!-Kg~! predicted
body weight OR 1.26 [1.12, 1.41], p<0.0001) but was
no longer statistically significant in multivariable anal-
ysis after controlling for center level effects and con-
founding variables (per 0.1 J-min~'Kg™' predicted
body weight OR 1.12 [0.94, 1.32], p=0.20) (Table 2).
Higher mechanical power was associated with fewer
28-day VFD (IMV and NIV) in univariable (per
0.1 J-min~—!.Kg™! predicted body weight SHR 0.89 [0.85,
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Table 1 Characteristics and outcomes of enrolled children by mechanical power quartiles

Mechanical power quartiles (J-min~"-Kg~" predicted body weight)

<0.29 0.29-0.41 0.41-0.62 >0.62
n 76 77 76 77
Patient characteristics
Age (years)® 6.0 (1.4,144) 2.3(04,82) 1.6 (0.4,9) 0.9(0.3,4)
Male 47 (61.8%) 50 (64.9%) 52 (68.4%) 43 (55.8%)
Central/South America 7 (8.3%) 10 (11.9%) 8 (9.4%) 14 (17.3%)
Europe 14 (16.7%) 14 (16.7%) 5(5.9%) 6 (7.4%)
Asia/Australia 4 (4.8%) 6 (7.1%) 4 (4.7%) 5(6.2%)
North America 59 (70.2%) 54 (64.3%) 68 (80%) 56 (69.1%)
Comorbid condition 49 (58.3%) 48 (57.1%) 44 (51.8%) 52 (64.2%)
Bronchopulmonary Dysplasia 1(1.2%) 1(1.2%) 4(4.7%) 13 (16.1%)
PARDS characteristics
Direct Lung Injury 60 (70.6%) 54 (63.5%) 58 (66.7%) 64 (76.2%)
Oxygenation Index? 49((3.7,7.7) 76(50,12.1) 86(5.3,137) 11.1(6.8,16.1)
NIV at Diagnosis 5(6.6%) 8 (10.4%) 7 (9.2%) 9 (11.7%)
Ventilator management parameters
Mechanical ventilation mode pressure 18 (23.7%) 29 (37.7%) 29 (38.2%) 45 (58.4%)
controlled
PRVC 22 (29%) 20 (26%) 30 (39.5%) 21 (27.3%)
Volume controlled 24 (31.6%) 21 (27.3%) 8 (10.5%) 0 (0%)
Multiple modes 12 (15.8%) 7(9.1%) 9(11.8%) 11 (14.3%)
V; (ml/kg predicted body weight) 6.7 (5.6,7.6) 7.2(5.8,86) 7.7 (7,89) 8.8(74,10)
PIP (cm H,0) 22.(19,24) 26 (23,29) 28 (25,32) 32(30,36)
Delta pressure (cm H,0) 14(12,18) 18 (14, 20) 20(17,22) 23 (20,27)
RR (bpm) 19 (15,24) 22(18,28) 24 (20, 30) 30 (25, 35)
PEEP (cm H,0) 7(6,8) 8(6,10) 8(7,10) 8(7,11)
pCO,° 42 (37,50) 45 (38, 54) 48 (40, 55) 54 (43,61)
pH® 7.36(7.30,7.42) 7.35(7.30, 7.40) 7.31(7.25,7.39) 7.33(7.25,7.38)
Outcomes
28-day VFD (IMV) 214(13.6,24.7) 21.7(15.0,24.2) 18.1(4.7,21.9) 15.6 (0, 21.6)
28-day VFD (IMV and NIV) 21.2(8.7,244) 20.8 (12.4,23.5) 174(03,21.9) 14.8 (0, 21.0)
Length of ventilation (survivors) 53(3.0,125) 59(3.7,104) 82(4.2,14.1) 9.3(5.2,13.9)
ICU mortality 7(9.2%) 8(10.4%) 12 (15.8%) 22 (28.6%)

Data are presented as count and percentage or median and interquartile range. The median values per subject for the first 24 h of pediatric acute respiratory distress
syndrome (PARDS) are reported. IMV: invasive mechanical ventilation. NIV: non-invasive ventilation. PEEP: positive end-expiratory pressure. PIP: peak inspiratory
pressure. PRVC: pressure-regulated volume-controlled ventilation. RR: respiratory rate. VFD: ventilator-free days. V;: tidal volume

2Two children with missing age (n=1 quartile 3 (Q3), n=1 Q4)
b Three children with missing median oxygenation index (1=2 Q3,n=1Q4)

€PCO, and pH values were available for n=66 Q1 (1 child with pH but not PCO,), n=69 Q2,n=74Q3,n=74 Q4

4Two children with missing data on length of ventilation (n=1Q3,n=1Q4)

0.94], p<0.001) and multivariable analysis after con-
trolling for confounding variables (per 0.1 J-min~!.Kg™
predicted body weight SHR 0.92 [0.87, 0.98], p =0.006)
(Additional file 1: Table S1). In survivors, higher
mechanical power was associated with a longer time
to extubation in univariable (per 0.1 J-min~!.Kg~! pre-
dicted body weight HR 0.96 [0.91, 1.00], p =0.067) and
multivariable analysis (per 0.1 J-min~'.Kg~! predicted

body weight HR 0.96 [0.90, 1.02], p =0.19) although the
results were not statistically significant (Additional File
1: Table S1).

Sensitivity analysis 1

In a sensitivity analysis, excluding the 14 children who
died due to neurologic reasons, higher mechanical power
was independently associated with higher ICU mortality
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Table 2 The association between mechanical power and 28-day ventilator-free days and ICU mortality
28-day Ventilator-free days (IMV) ICU mortality
n SHR (95% Cl) p value n OR (95% Cl) p value
Univariable models
Entire cohort
Mechanical power 304 0.89(0.84,0.94) <0.001 306 1.26 (1.12,1.41) <0.001
Multivariable models
Entire cohort
Mechanical Power 304 0.93(0.87,0.98) 0013 306 1.12(0.94,1.32) 0.20
Subgroup excluding children with neurologic death
Mechanical Power 291 0.91(0.86,0.97) 0.002 293 1.22(1.01, 1.46) 0.036
Age Subgroups
<2 years: Mechanical Power 149 0.89(0.82,0.96) 0.005 151 1.19(0.97, 1.46) 0.087
> 2 years: Mechanical Power 153 0.97(0.84,1.12) 0.68 153 0.94 (069, 1.29) 0.71
PARDS severity subgroups
Resolved/Mild PARDS: Mechanical Power 163 0.90 (0.80, 1.03) 0.12 164 1.00 (0.73,1.37) 0.99
Moderate/severe PARDS: Mechanical Power 141 0.94 (0.87, 1.03) 0.18 142 1.25(0.99, 1.59) 0.059

All estimates are per 0.1 J-min~".Kg™"' predicted body weight change in mechanical power. All models adjusted for center-level effects. Multivariable models control
for the pre-specified pediatric acute respiratory distress syndrome (PARDS) severity of illness score, a comorbidity of bronchopulmonary dysplasia, height, PCO,, and
mode of ventilation. The pre-specified PARDS severity of illness score adjusts forimmunocompromised conditions, the 6-h PaO,/FiO, ratio, and the fluid balance,
vasopressor-inotrope score, and organ dysfunction on the first day of PARDS. There were 2 children without length of ventilation data that were excluded from the
VFD models. There were 2 children missing age excluded from the age subgroup models. IMV: invasive mechanical ventilation

Adjusted Mean Mortality Proportion
2
1

Pt

1 2 3 4 5 6 7 8 9 10
Mechanical Power Deciles

Fig. 2 Adjusted Mean Mortality Proportion by Mechanical Power
Deciles (excluding children who died from neurologic injury). Black
squares represent mean, and whiskers represent 95% confidence
interval. The mean mortality proportion was calculated after
multivariable adjustment for the pre-specified pediatric acute
respiratory distress syndrome (PARDS) severity of illness score, a
comorbidity of bronchopulmonary dysplasia, height, PCO,, and
mode of ventilation. The pre-specified PARDS severity of illness score
adjusts for immunocompromised conditions, the 6-h PaO,/FiO,
ratio, and the fluid balance, vasopressor-inotrope score, and organ

dysfunction on the first day of PARDS

in multivariable analysis (per 0.1 J-min~!-Kg™! predicted
body weight OR 1.22 [1.01, 1.46], p=0.036) (Table 2,
Fig. 2).

Sensitivity analysis 2

In multivariable analysis limited to children on either
pressure-controlled or pressure-regulated volume-
controlled ventilation, the association between higher
mechanical power and fewer 28-day VFD IMV remained
(per 0.1 J-min~'.Kg™' predicted body weight SHR 0.90
[0.83, 0.97], p=0.005).

Sensitivity analysis 3

A propensity score developed for the use of high
mechanical power included the following variables: the
pre-specified PARDS severity of illness score, median
24-h oxygenation index, height, use of corticosteroids,
pressure-controlled mode of ventilation, and a comor-
bidity of bronchopulmonary dysplasia (Additional file 1:
Table S2, Additional file 1: Figure S1). Higher mechani-
cal power was associated with fewer 28-day VFD (per
0.1 J-min~'Kg™' predicted body weight SHR 0.91
[0.84, 0.99], p=0.025) and higher ICU mortality (per
0.1 J-min~!.Kg™~! predicted body weight OR 1.24 [1.09,
1.43], p=0.002) after inverse probability weighting for
the developed propensity score and controlling for center
level effects.

Sensitivity analysis 4

Stratifying by the median age of 2-years-old, for children
<2-years-old ICU mortality was 14.6%, compared to
17.6% ICU mortality for those > 2-years-old. In subgroup
analysis, the association between higher mechanical
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power and fewer 28-day VFD remained only in chil-
dren <2-years-old (per 0.1 J-min~*.Kg~! predicted body
weight SHR 0.89 [0.82, 0.96], p=0.005) (Table 2). We did
not find an association between mechanical power and
28-day VED or ICU mortality in children >2-years-old
or within PARDS severity subgroups (mild/resolved and
moderate/severe) (Table 2).

Given the age-based effects on the association between
mechanical power and outcome, we explored age-based
differences in patient characteristics and ventilator man-
agement. There were regional and comorbidity differ-
ences by age, and younger children more frequently had
direct lung injury (Table 3). Younger children were man-
aged with lower Vo, higher delta pressure, higher RR,
lower PEEP, and higher PCO,. Outcomes were similar
across age quartiles.

Sensitivity analyses 5 and 6

Due to differences noted by age in patient and PARDS
characteristics, we performed two additional sensitivity
analyses in children <2-years-old. We first excluded chil-
dren with prematurity <32 weeks estimated gestational
age or bronchopulmonary dysplasia as these children are
known to have increased lower airways resistance which
may contribute to use of higher mechanical power. We
found that higher mechanical power remained associ-
ated with fewer 28-day VED (per 0.1 J-min~*.Kg™! pre-
dicted body weight SHR 0.88 [0.81, 0.97], p=0.009) after
controlling for confounding variables when these chil-
dren were excluded from the analysis (Additional file 1:
Table S3). Second, we developed a propensity score for
use of high mechanical power in children <2-years-old.
Higher mechanical power remained associated with
fewer 28-day VED (per 0.1 J-min~!.Kg~! predicted body
weight SHR 0.92 [0.85, 0.999], p=0.047) in children
<2-years-old after inverse probability weighting for this
propensity score and controlling for center level effects
(Additional file 1: Table S3).

Sensitivity analysis 7

The two highest quartiles of mechanical energy were
associated with fewer 28-day VFD compared to the
lowest quartile (quartile 3 [Q3]: SHR 0.62 [0.48, 0.79],
p<0.0001 and Q4: SHR 0.65 [0.47, 0.92], p=0.014 ver-
sus Q1) but not higher ICU mortality in multivariable
models controlling for center-level effects and other con-
founding variables (Additional file 1: Table S4). In an age-
stratified analysis, unlike mechanical power, mechanical
energy was not higher in children < 2-years-old (Table 3).
Nevertheless, the association between mechanical energy
and fewer 28-day VFD was only present in children
<2-years-old.
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Sensitivity analysis 8

In univariable analyses, individual components of
mechanical power (Vi, PEEP, PIP, delta pressure) were all
associated with fewer 28-day VED except for RR (Addi-
tional file 1: Table S5). However, in multivariable mod-
eling, only a PIP > 31 cm H,O referenced to a PIP <22 cm
H,O (SHR 0.67 [0.46, 0.97], p=0.033) was independently
associated with fewer 28-day VFD after controlling for
center-level effects, RR, V1, PEEP, and other confound-
ing variables (Additional file 1: Tables S6, S7). In analy-
sis using structural equation modeling, no individual
component of mechanical power (Vy, PEEP, PIP, RR, or
delta pressure) mediated the effect of mechanical power
on either 28-day VFD or ICU mortality (Additional file 1:
Table S8).

Discussion

In a diverse international cohort of children, we found
that use of high mechanical power (normalized to pre-
dicted body weight) while on conventional mechani-
cal ventilation during early PARDS was associated with
fewer 28-day VFD. While ICU mortality and 28-day VFD
did not differ significantly by age, the association between
higher mechanical power and fewer 28-day VFD was
strongest in children <2-years-old. Additionally, when
excluding children who died primarily due to neurologic
causes, we found an association between higher mechan-
ical power and ICU mortality. No specific ventilator
management component was deemed a statistically sig-
nificant mediator in the association between mechanical
power and 28-day VED or ICU mortality, which suggests
the potential importance of the combination variable of
mechanical power to capture risk.

While we hypothesized that the relationship between
mechanical power and 28-day VFD may be age-depend-
ent, we did not expect that the association would be
strongest in children <2-years-old. We found that com-
pared to older children, children <2-years-old were
managed with lower PEEP, lower V. per predicted body
weight, higher RR, and higher delta pressure. Some of
these findings are predictable, as physiologic RR is higher
in younger children, and we have previously found in
this cohort that younger children are more likely to be
managed with a PEEP lower than recommended by the
ARDS Network Lower PEEP/Higher FiO, grid [11]. We
hypothesize this may be due to clinician concern with
high PEEP in young children due to higher chest wall
compliance. Furthermore, younger children may also
have higher resistance in their lower airways, which will
be even higher if they have concurrent bronchopulmo-
nary dysplasia (a confounding variable in modeling).
This will result in higher delta pressure (PIP—PEEP)
with each breath related to resistive work. However, if
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Table 3 Characteristics of children by age quartiles

Age quartiles (years)?

<0.5 05-2 2-83 >8.3
n 75 76 77 76
Patient characteristics
Central/South America 13(17.3%) 5 (6.6%) 11 (14.3%) 5 (6.6%)
Europe 5 (20%) 7 (9.2%) 9(11.7%) 4 (5.3%)
Asia/Australia 6 (8%) 4 (5.3%) 6 (7.8%) 0 (0%)
North America 41 (54.5%) 60 (79%) 51 (66.2%) 67 (88.2%)
Any comorbid condition 38 (50.7%) 39 (51.3%) 49 (63.6%) 49 (64.5%)
Bronchopulmonary Dysplasia 4 (5.3%) 12 (15.8%) 1(1.3%) 0 (0%)
Prematurity (<32 weeks EGA) 10 (13.3%) 14 (18.4%) 4 (5.2%) 1(1.3%)
Oncologic Disease 0 (0%) 2 (2‘6%) 7 (9.1%) 12 (15.8%)
Chronic Respiratory Disease 6 (8.0%) 4 (31.6%) 21 (27.3%) 22 (29.0%)
Congenital Cardiac Disease 9 (12.0%) (1 7.1%) 6 (7.8%) 3(4.0%)
Acquired Cardiac Disease 7 (9.3%) 2 (15.8%) 4 (5.2%) 6 (7.9%)
Neuromuscular Disease 4(5.3%) 8 (1 0.5%) 20 (26.0%) 20 (26.3%)
PARDS characteristics
Direct Lung Injury 58 (77.3%) 62 (81.6%) 54 (70.1%) 40 (52.6%)
Oxygenation Index® 7.0(5.0,11.3) 74(4.8,13.8) 8.1(4.8,13) 7.3(4.5,137)
NIV at Diagnosis 1(1.3%) 5 (6.6%) 9(11.7%) 14 (18.4%)
Ventilator management parameters
Mechanical ventilation mode pressure controlled 1 (41.3%) 24 (31.6%) 37 (48.1%) 28 (36.8%)
PRVC 21 (28%) 27 (35.5%) 18 (23.4%) 26 (34.2%)
Volume controlled 1 (14.7%) 12(17.1%) 14 (18.2%) 15 (19.7%)
Multiple modes 2 (16%) 2 (15. 8%) 8 (10.4%) 7 (9.2%)
V; (ml/kg predicted body weight) 6.5 (5.6,8.5) 7.5(6.3,8.6) 7.7 (7.0,89) 7.9(6.6,9.7)
PIP (cm H,0) 27 (23,31) 28 (24, 31) 5(22,30) 28 (23,32)
Delta pressure (cm H,0) 20(17,24) 20 (15, 23) 8 (14, 20) 18 (14, 23)
RR (bpm) 30 (25,35) 26 (24, 30) 20 (18,25) 18 (16, 21)
PEEP (cm H,0) 7(6,8) 8(7,9) 8(7,11) 9(7,12)

Mechanical power (J-min~"-Kg™' predicted body weight)

Mechanical energy (J-Kg~' predicted body weight)
PCO, (mm Hg)*

pH"

Outcomes

Length of ventilation (survivors)

28-day VFD (IMV)

28-day VFD (IMV and NIV)

ICU Mortality

047 (0.33,0.66)
0.016(0.011,0.022)
56 (48, 66)
7.31(7.25,7.39)

6.1(4.5,9.8)
21.0(14.6,234)
206 (14.0,22.9)
9 (12%)

0.48 (035, 0.69)
0.019(0.014, 0.026)
50 (41, 56)
7.34(7.26,7.38)

74(4.1,14.2)
18.5(7.5,23.5)
18.0(5.3,23.2)
13 (17.1%)

0.36 (0.26,0.52)
0.018(0.013,0.022)
43(38,52)
7.35(7.29,7.42)

6.5 (4.0, 14.8)

194 (2.0,23.3)

18.2(0,23.2)
4(18.2%)

0.35(0.26,0.48)
0.019 (0.015, 0.026)
40 (35, 46)
7.36(7.31,7.42)

9(3.7,13)
18.2 (4.0,23.8)
16.6 (0,224)
13 (17.1%)

Data are presented as count and percentage or median and interquartile range. The median values for the first 24 h of pediatric acute respiratory distress syndrome
(PARDS) were reported. EGA: estimated gestational age. IMV: invasive mechanical ventilation. NIV: non-invasive mechanical ventilation. PEEP: positive end-expiratory
pressure. PIP: peak inspiratory pressure. PRVC: pressure-regulated volume-controlled ventilation. RR: respiratory rate. VFD: ventilator-free days. V;: tidal volume

22 children missing age

b 3 children missing median oxygenation index (n=1 quartile 1 (Q1),n =1Q2,n=1Q3)

€PCO, and pH measurements available for =67 Q1,n=64 Q2 (1 child with pH but not PCO,), n=71Q3,n =73 Q4

42 children in Q2 missing length of ventilation

ventilator induced lung injury is primarily driven by elas-
tic components of the respiratory system (PEEP, V, driv-
ing pressure [plateau pressure—PEEP]), then we would

have expected that higher mechanical power related to
higher airway resistance would not be injurious. Rather,
even after normalizing V| to predicted body weight
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and adjusting for height in multivariable modeling, we
found the opposite in that children <2-years-old had the
strongest relationship between higher mechanical power
and worse outcome. This relationship remained consist-
ent in sensitivity analyses removing children with prema-
turity or bronchopulmonary dysplasia and adjusting for
a propensity score developed for use of high mechanical
power in children < 2-years-old.

An alternate explanation is that when lower PEEP is
used in younger children, there is more atelectrauma
and inadequate lung recruitment. This then results in
lower lung compliance, with higher delta pressure to
achieve the same V. Hence, the elevated delta pressures
in younger children may reflect higher lung stress. It is
noteworthy that not only are younger children ventilated
with a higher delta pressure, but they also have lower V
per predicted body weight and higher PCO, which may
support this theory. There are age-based differences in
minute ventilation and higher levels of physiologic dead
space, even in intubated children, which may also con-
tribute to the use of higher mechanical power in younger
children [21, 22]. Knowing the static condition with pla-
teau pressure in these children could have helped dif-
ferentiate the contributions of the elastic and resistive
components, but our data highlight that clinicians either
do not measure or record plateau pressure in children
very often.

The respiratory rate component of mechanical power
may result in different thresholds of harm based on age
[23]. For this reason, we evaluated mechanical energy,
and unlike mechanical power, we found that mechanical
energy was not higher in younger children. Neverthe-
less, the relationship between higher mechanical energy
and fewer 28-day VFD was significant only in children
<2-years-old. This implies that the respiratory rate com-
ponent of mechanical power is not a primary factor cap-
turing risk. While there are some pre-clinical data which
suggests that younger animals are less susceptible to the
risks of volutrauma than older animals, there may be bio-
logic plausibility that younger children are at higher risk
of harm if they are managed with high mechanical power,
particularly if this higher power is coming from elevated
delta pressure [24—27]. Transpulmonary pressures may
be higher for a given delta pressure in a young child, com-
pared to an older child, due to the young child’s higher
chest wall compliance. This results in more energy trans-
mission to the lung rather than the chest wall. There-
fore, routine management practices in younger children,
lower PEEP because of higher chest wall compliance and
higher delta pressures due to increased airway resistance,
may be harmful and should be reconsidered and further
studied.
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Although none of the individual ventilator management
components mediated the effect of mechanical power on
either 28-day VFD IMV or ICU mortality, PIP was most
strongly associated with 28-day VFD IMV in multivari-
able modeling. This is in contrast to a recent adult ARDS
meta-analysis which found that driving pressure contrib-
uted to much of the effect of mechanical power on out-
come, with a smaller component related to respiratory
rate [4]. While possible that driving pressure may have
performed better than delta pressure in our cohort, for
risk of injury, PIP appears to give similar information to
delta pressure as children are rarely managed with very
high PEEP levels [11, 28]. On the other hand, higher RR
was not associated with worse outcome in children, as
mechanical energy was associated with 28-day VFD IMV.
This is similar to another study in a general cohort of
children requiring mechanical ventilation which found
that higher mechanical energy was associated with longer
duration of ventilation, although this study did not find
an association with mechanical power [23]. Our results
suggest that mechanical power may be a useful metric to
identify risk of ventilator induced lung injury when Vi
is normalized to predicted body weight, without further
adjustment for physiologic differences in respiratory rate.

Our study is observational in nature, and therefore, we
cannot conclude that lowering mechanical power will
result in better outcomes for children with ARDS. Nev-
ertheless, the concept of mechanical power may be an
important construct as we try to prioritize the impor-
tance of individual components of ventilatory support in
children with ARDS. It may be that strategies to decrease
mechanical power should focus on identifying if mechan-
ical power decreases with lung recruitment and titrating
PEEP. If the lung recruits with the application of PEEP,
compliance should improve, and a lower delta pres-
sure can be used to achieve the same tidal volume. If the
lung does not recruit, then reducing mechanical power
will require lower minute ventilation with more toler-
ance for permissive hypercapnia or alternative therapies
to improve alveolar ventilation by decreasing physiologic
dead space. This highlights the need for a more robust
understanding of the interaction between ventilator man-
agement strategies and specific pathophysiologic states
in children with ARDS. Future research should seek to
further characterize the association between mechanical
power and harm in children by also investigating if there
is a threshold below which mechanical power is no longer
harmful and if this threshold may differ by PARDS sever-
ity, concepts that are supported by research on mechani-
cal power in adults with ARDS [6, 29].

There are several limitations to this study. Data sub-
mission was voluntary and despite numerous inquir-
ies to participating sites, some data remained missing.
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However, a small percentage of children (13%) were
excluded due to missing data. Although we attempted
to control for confounding variables, it is possible the
associations that we found between high mechanical
power and worse outcomes are related to unmeasured
confounding. There were notable differences in patient
characteristics by age which we attempted to control for
with a propensity score; however, most of these patient
characteristics did not seem to be associated with use of
high mechanical power. It is possible other unmeasured
differences in the cohort by age may have confounded
the association between mechanical power and outcome.
For the minority of children on volume-controlled ven-
tilation, we substituted PIP for plateau pressure in the
Gattinoni et al. equation for mechanical power. Lack of
reporting for plateau pressure prevented us from rigor-
ously differentiating resistive from elastic components
of work. We normalized mechanical power to predicted
body weight, but there is no consensus about the cor-
rect approach to normalization [17]. Alternative meth-
ods for normalization of mechanical power have been
proposed (such as respiratory system compliance), but
we did not have the data to compute these equations [5].
Additional study may be helpful to determine normal
values for mechanical power by age. Although all chil-
dren were on controlled ventilation, we were unable to
quantify mechanical power related to spontaneous effort
as plateau pressure was not available, and we did not
assess the contribution to mechanical power of breaths
above the set ventilator rate [30]. This may have led to an
underestimation of mechanical power in some children.
However, we expect this would have biased our results
towards the null. The Becher equation for mechanical
power is known to overestimate mechanical power, and
more children were on pressure-controlled ventilation
in the higher mechanical power quartiles [31]. We have
previously shown that pressure-controlled ventilation is
more often used than other modes in children with more
severe PARDS [11]. However, higher mechanical power
related to use of the Becher equation would have likely
biased our results to the null. In contrast, we found in
analysis limited to children with mechanical power cal-
culated with the Becher equation that the association
between higher mechanical power and fewer 28-day VED
remained.

Conclusions

Higher mechanical power is associated with worse
outcomes in children with PARDS. This association
is strongest in children <2-years-old where there are
notable differences in mechanical ventilation manage-
ment. However, no specific component of ventilator
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management mediated this association. While further
validation is needed, these data highlight that ventila-
tor management is associated with outcome in children
with PARDS, and there may be subgroups of children
with higher potential benefit from strategies to improve
lung-protective ventilation.
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