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Abstract

Objective—Both oxygenation and peak inspiratory pressure (PIP) are associated with mortality
in pediatric ARDS. Since oxygenation and respiratory mechanics are linked, it is difficult to
identify which variables, pressure or oxygenation, are independently associated with outcome. We
aimed to determine whether respiratory mechanics (PIP, positive end-expiratory pressure [PEEP],
AP [PIP minus PEEP], tidal volume, dynamic compliance [Cgyn]) or oxygenation (PaO,/FIO;)
was associated with mortality.

Design—~Prospective, observational, cohort study.
Setting—University affiliated pediatric intensive care unit.
Patients—Mechanically ventilated children with ARDS (Berlin).
Interventions—None.

Measurements and Main Results—PIP, PEEP, AP, tidal volume, Cgyp,, and PaO/F10, were
collected at ARDS onset and at 24 hours in 352 children between 2011 and 2016. At ARDS onset,
neither mechanical variables nor PaO,/FIO, were associated with mortality. At 24 hours, PIP,
PEEP, AP were higher, and Cgy, and PaO/FIO; lower, in non-survivors. In multivariable logistic
regression, PaO,/FIO, at 24 hours and APaO,/F10, (change in PaO,/FIO, over the first 24 hours)
were associated with mortality, whereas pressure variables were not. Both oxygenation and
pressure variables were associated with duration of ventilation in multivariable competing risk
regression.

Conclusions—Improvements in oxygenation, but not in respiratory mechanics, were associated
with lower mortality in pediatric ARDS. Future trials of mechanical ventilation in children should
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focus on oxygenation (higher PaO,/FIO5) rather than lower PIP or AP, as oxygenation was more
consistently associated with outcome.
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INTRODUCTION

Defined for adults (1, 2), acute respiratory distress syndrome (ARDS) affects 45,000
children in the United States annually (3), with mortality approaching 30% (4). Absent
targeted therapies, lung-protective ventilation (5) remains the mainstay of treatment. In
children, lack of therapies is compounded by uncertainty in management, as guidelines are
extrapolated from adults, with suspect applicability. For example, unlike adults (5, 6),
observational studies revealed no association between tidal volume (V1) and mortality in
children (7). While V1 < 6 mL/kg have been recommended for pediatrics (8), ambiguity
regarding utility of low V1 has led to actual V1 closer to 8 mL/kg (9, 10), and substantial
utilization of V1 > 10 mL/kg (9).

Unlike VT, peak inspiratory pressure (PIP) is consistently associated with mortality in
pediatric ARDS (10, 11). Causality was not inferred in these observational studies, as
elevated PIP may simply reflect worse ARDS. However, in light of re-analysis of adult
ARDS trials (6), higher PIP may be causal for mortality via higher driving pressure.
Additionally, oxygenation has a more consistent relationship with mortality in pediatric (10—
12) than in adult ARDS (5). However, oxygenation and respiratory mechanics are linked, as
changes to the ventilator which affect oxygenation simultaneously affect pressures.
Therefore, it is difficult to identify which variable, pressure or oxygenation, is independently
associated with outcome.

The aim of this study was to determine whether variables related to respiratory mechanics
(PIP, positive end-expiratory pressure [PEEP], driving pressure [AP = PIP minus PEEP], V,
dynamic compliance [Cqyn = V/AP]) or variables related to oxygenation (PaO,/FIO;) were
independently associated with mortality in a cohort of children maintained on conventional
mechanical ventilation for = 24 hours after ARDS onset. We hypothesized that oxygenation,
rather than pressure or volume variables, was the primary metric associated with mortality.

METHODS

Study Design and Patient Selection

This study was approved by the Children’s Hospital of Philadelphia’s Institutional Review
Board, and requirement for informed consent waived. Eligibility criteria have been
previously described in detail (12). Briefly, intubated children (> 1month and < 18 years)
meeting American-European Consensus Conference criteria for acute lung injury (PaO/
F10, < 300 with bilateral infiltrates) between July 1, 2011 and June 30, 2016 were enrolled.
As the study was initiated prior to the 2012 Berlin definition (2), minimum PEEP was not
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specified; however, our unit does not utilize PEEP < 5 cmH,0, and all patients met Berlin
criteria.

Data Collection and ARDS Management

We restricted primary analyses to patients on conventional ventilation over the first 24 hours
of ARDS to assess the effect of variables during this early timeframe. We recorded
demographics, ventilator settings and PaO,/FIO, at ARDS onset and 24 hours, and
treatments for the first 3 days. To avoid confounding by patient effort, ventilator pressures
were recorded during periods of passive breathing under deep sedation or neuromuscular
blockade (NMB) by data collectors (respiratory therapists) trained to identify spontaneous
effort, most commonly by ensuring the set respiratory rate matched the observed rate.

Absent a standardized ventilator protocol, institutional practice is to initiate conventional
ventilation with PEEP = 5 cmH>O, and attempt to wean FIO, to < 0.60, keeping PaO, = 60
mmHg. Inability to wean FIO, prompts PEEP escalation and subsequent efforts to wean
F10,. We exclusively utilize decelerating flow during conventional ventilation (either
pressure control or pressure-regulated volume control [PRVC]). Persistently elevated PIP (=
35 cmH»0), hypercarbia (PaCO, = 80), or oxygenation difficulties (inability to wean FIO, <
0.60 despite increasing PEEP) prompted consideration for changing mode of ventilation, or
escalating to extracorporeal membrane oxygenation (ECMO). Actual transition was left to
the discretion of the attending physician. There was no standardization of ancillary therapies
(inhaled nitric oxide [iINO], NMB, corticosteroids).

Equations and Definitions

PIP, PEEP, and AP (PIP minus PEEP), VT, and Cgyn Were collected at the ventilator for most
patients, using integrated software provided by the manufacturer (Drager, Inc., Liibeck,
Germany), adjusting for patient size. For V1 < 100 mL, we utilized a sensor proximate to the
patient at the endotracheal tube. We defined AP as PIP minus PEEP, rather than plateau
pressure (Ppjateau) Minus PEEP, since we exclusively utilized decelerating flow waveforms,
and inspiratory holds to collect Ppjateqy Were not performed. V1 was normalized to actual
body weight. Cgyn was defined as V1/AP. Additionally, the difference between variables at
24 hours relative to at ARDS onset are reported (APIP, APEEP, AAP, AV, ACgy, and
APaO,/FI105). The vasopressor score (13) was: dopamine (ug/kg/min) x 1 + dobutamine
(ug/kg/min) x 1 + epinephrine (ug/kg/min) x 100 + norepinephrine (ug/kg/min) x 100 +
phenylephrine (ug/kg/min) x 100 + vasopressin (U/kg/min) x 10,000 + milrinone (ug/kg/
min) x 10. Non-pulmonary organ failures were identified using accepted definitions in
children (14). The designation “immunocompromised” required presence of an
immunocompromising diagnosis (oncologic, immunologic, rheumatologic, or transplant)
and active immunosuppressive chemotherapy, or a congenital immunodeficiency (12, 15).
Severity of illness score used was the Pediatric Risk of Mortality (PRISM) 111 at 12 hours.

Primary outcome was pediatric intensive care unit (PICU) mortality. Duration of ventilation
was also recorded. All mention of “ventilation” in this study implies invasive ventilation;

non-invasive support was not counted toward total ventilator days. “Day 1” was initiation of
invasive ventilation. Liberation from invasive ventilation for > 24 hours defined duration of
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ventilation. Patients requiring re-initiation of invasive ventilation had the extra days counted
towards total ventilator days.

Statistical Analysis

RESULTS

Data are expressed as percentages or median [interquartile range]. Categorical variables
were analyzed by Fisher’s exact test and continuous variables by Wilcoxon rank sum. Given
different scales of the variables, pressure and oxygenation variables were standardized to
mean = 0 and standard deviation (SD) = 1 for multivariable analyses. For subgroup analyses,
the cohort was divided by initial severity of lung injury (PaO,/FIO, > 150 or PaO,/FIO, <
150) as in similar studies (16), and by direct or indirect ARDS (1).

Multivariable logistic regression was performed to test for independent association between
pressure and oxygenation variables and mortality, after adjusting a priori for PRISM 111,
immunocompromised status, and PaO,/F10, at ARDS onset. We previously demonstrated
that PRISM 111 and immunocompromised status are strongly associated with mortality (17,
18). PaO,/FI10, at ARDS onset was included to control for baseline ARDS severity.
Additional potential confounders with univariate association with mortality (p < 0.10, Table
1) were considered. Non-pulmonary organ failures, use of corticosteroids, vasopressor score,
and fluid balance were co-linear with PRISM I11, and were not included. Inclusion of either
ARDS etiology or use of iNO did not improve the regression model by likelihood ratio test.
Model fit was assessed using Hosmer-Lemeshow statistics.

Because ventilator-free days (VFD) incorporates both mortality and length of ventilation, it
is a problematic endpoint from which to identify variables associated predominantly with
ventilator duration. Thus, rather than analyzing VFD, competing risk regression was used to
test the association of pressure and oxygenation variables with duration of ventilation, using
extubation as primary outcome, and death as a competing risk. Observations were censored
at 28 days. Fine and Gray competing risk regression (19) calculates a subdistribution hazard
ratio (SHR) for risk of extubation, accounting for the competing risk of death. Models were
adjusted for PRISM 111, immunocompromised status, and PaO,/FI1O, at ARDS onset. The
proportional hazard assumption was assessed by testing for interaction with a time-
dependent covariate.

Characteristics of the Cohort

During the study period, 459 children with ARDS were admitted. Of these, 107 were
transitioned to either non-conventional ventilation (n = 93; 18 airway pressure release
ventilation; 43 high frequency oscillation; 32 high frequency percussion) or ECMO (n = 10),
or had died (n = 4), by 24 hours and were excluded from analyses. Of the remaining 352
children (Table 1), 277 (79%) were on volume-preset (PRVC) ventilation at both ARDS
onset and 24 hours, 45 (13%) were on pressure control, and 30 (8%) alternated between
modes. The median time from PICU admission to meeting ARDS criteria was 11 [IQR 6,
19] hours; median time from intubation to meeting ARDS criteria was 4 [0, 10] hours.
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Respiratory and Oxygenation Variables

At ARDS onset, neither respiratory variables nor PaO,/FIO, differed by survival status
(Figure 1). At 24 hours, non-survivors had higher PIP, PEEP and AP (Figure 1A-B), and
lower Cgyn and PaO,/FIO, (Figure 1D-E). V1 was similar between survivors and non-
survivors at both timepoints (Figure 1C). When comparing the change in variables over the
first 24 hours of ARDS, non-survivors had a higher APEEP and a lower APaO,/FIO,
(Supplementary Table 1). Pressure variables were modestly to highly correlated with each
other and with oxygenation (Supplementary Figure 1).

Multivariable Adjustment

Based on univariate analysis, we focused on the pressure variables (PIP, PEEP, AP, and Cgyp)
and PaO,/F10, at 24 hours, and the change in these variables over the first 24 hours (APIP,
APEEP, AAP, ACqyp, and APaO,/FIOy). We initially assessed independent contribution of
these variables individually to mortality and duration of ventilation (Table 2). Increased
PEEP and APEEP were associated with increased mortality; increased PaO,/FIO, at 24
hours and APaO,/FIO, were associated with lower mortality. Increases in PIP, PEEP, and AP
were associated with longer duration of ventilation (i.e., decreased likelihood of extubation,
SHR < 1), and increased Cgy, and PaO,/FIO; associated with shorter duration of ventilation.
Finally, pressure and oxygenation variables were entered simultaneously into the full model
to assess which retained independent association with outcome (Table 3). In the full models,
improved oxygenation retained association with reduced mortality, whereas pressure
variables did not. Pressure and oxygenation retained association with duration of ventilation
(Table 3, Figure 2).

Subgroup Analyses

To assess whether the association between oxygenation and outcome differed depending on
initial ARDS severity or by etiology of lung injury, we re-analyzed the cohort dichotomized
by PaO,/FI05 > 150 or PaO,/FIO, < 150 (Supplementary Table 2), and separately by direct
or indirect ARDS (Supplementary Table 3). Results were consistent with the primary
analysis demonstrating that oxygenation, rather than pressure, was more consistently
associated with outcome. The association between oxygenation and mortality was only
evident in patients with PaO,/F1O, > 150, whereas oxygenation, but not pressure, was
consistently associated with duration of ventilation irrespective of initial ARDS severity.

Sensitivity Analyses

We modeled PaO,/FI0O, in our primary analysis as this definition is least co-linear with
pressure. However, PaO,/FIO, does not incorporate degree of lung recruitment. Therefore,
we repeated the analysis using oxygenation index (OI, mean airway pressure [mPaw] x FIO,
x 100)/Pa0,) rather than PaO,/FIO, (Supplementary Table 4). This analysis confirmed the
association of oxygenation, rather than pressure, with both mortality and duration of
ventilation.

Given the effects of iINO and continuous NMB on oxygenation and pressures, we repeated
analyses excluding exposed to iNO (Supplementary Table 5) or NMB (Supplementary Table
6). Because of possible differences in children exposed to either volume or pressure
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controlled ventilation, we analyzed the 277 children exclusively on PRVC (Supplementary
Table 7). Because of higher mortality for stem cell transplant patients, we repeated analysis
excluding these children (Supplementary Table 8). Given the low mortality rate in
immunocompetent children, we did not perform multivariable regression for mortality;
however, we tested association of variables with duration of ventilation (Supplementary
Table 9). Finally, to address possible confounding by bronchiolitis misdiagnosed as ARDS,
we conducted analyses restricted to patients = 2 years of age (Supplementary Table 10) and
without detectable respiratory syncytial virus (Supplementary Table 11). Sensitivity analyses
confirmed that oxygenation was more consistently associated with outcome than pressure.

DISCUSSION

Pa0,/FIO; at 24 hours and APaO,/FIO, over the first 24 hours of ARDS were independently
associated with mortality, whereas PIP, PEEP, AP, and Cgyp, and changes in these variables
over the first 24 hours, were not. Both oxygenation and pressure were associated with
duration of ventilation. Thus, improvement in oxygenation, rather than improvement in
pressure, was the primary variable associated with pediatric ARDS outcomes. Ours is the
first study to demonstrate that after adjusting for PaO,/FIO,, the pressure variables PIP,
PEEP, AP, and Cgy, Were not associated with mortality.

In subgroup analysis, the association between oxygenation and mortality was limited to
initial PaO,/F10, > 150. Potentially, children with severe ARDS are more likely to die of
organ failures unrelated to ARDS; however, as there were only 23 deaths, we may be
underpowered to detect an association with mortality. Even in children with PaO,/FIO, <
150, oxygenation, but not pressure, was associated with duration of ventilation, consistent
with our primary analysis.

Re-analysis of adult ARDS trials (6) demonstrated that driving pressure (Ppjateay Minus
PEEP) was associated with mortality. This was validated in the Large Observational Study to
Understand the Global Impact of Severe Acute Respiratory Failure (LUNGSAFE)(20),
which lacked explicit ventilation protocols. In our cohort, AP was not associated with
mortality. Importantly, we defined AP as PIP minus PEEP, since this cohort was ventilated
with decelerating flow. As PIP partly reflects resistance, it is an inherently more conservative
measure of elastance than Ppateay. However, decelerating flow modes such as pressure
control or PRVC are the predominant modes of ventilation in children (9, 11, 21), and PIP is
more commonly tracked than Ppjateay, Making this more relevant for pediatrics. It is possible
that re-defining AP as Ppjateqy Minus PEEP would yield results more consistent with adult
ARDS.

While our results are consistent with the hypothesis that oxygenation is causal for improved
outcome, it is plausible that oxygenation is simply prognostic. That is, children more likely
to survive demonstrate improved oxygenation, even if higher PaO,/FIO; is not itself causal.
Our study does not allow assignment of causality. However, the association between
oxygenation (rather than PIP or AP) and survival suggests that oxygenation is a more
appropriate surrogate outcome for future studies. The 2015 Pediatric Acute Lung Injury
Consensus Conference recommendations for pediatric ARDS (22) suggest VT between 5
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and 8 mL/kg, and lower (3 to 6 mL/kg) for severe disease, and to limit PIP, given prior
associations with mortality (10, 11). Our results do not support such strict limitation on V-,
PIP, and AP. Indeed, our results suggest that the upper limits of VV and PIP are currently
unknown in pediatrics, and may be above what is conventionally recommended, as long as
oxygenation is not compromised. Proof of this concept requires validation in a well-
designed prospective trial.

Absent protocolized ventilation, we cannot determine whether the lack of association
between pressure and outcome reflects pediatric physiology, or is confounded by
peculiarities of pediatric ventilator management. However, our median PEEP (10 cmH,0)
and PIP (30 cmH,0) are comparable to pressures reported in a re-analysis of adult PEEP
trials (PEEP 11 cmH0, Ppjateay 29 cmH,0)(16), as well as the non-protocolized
LUNGSAFE cohort (PEEP 8 cmH,0, PIP 27 cmH,0)(23), suggesting that our findings are
not confounded by pediatric ventilator management substantially different from adults.

The lack of association between pressure and mortality in our cohort is consistent with
reduced susceptibility to ventilator-induced lung injury (VILI) in juvenile animal models
(24-26). The mechanism may be related to greater elasticity of developing lungs (27),
reduced NF-xB after inflammatory stimuli (28, 29), and lower systemic inflammation after
toll-like receptor activation (30, 31). VILI in children and pediatric animal models is only
beginning to be studied, and its clinical relevance needs to be established in an appropriately
designed trial.

Our study has several strengths. This is a large, prospective ARDS cohort from a large
PICU, with detailed data collected using explicit methodology. Variables were measured
absent patient effort and low risk of misclassification. However, our study has limitations.
Although ARDS etiologies and severity were similar to others, generalizability may be
reduced. However, as ventilation was not protocolized, the single center nature may limit
heterogeneity of management. Ventilator management was somewhat lung protective, as
87% and 96% had PIP < 35 and 40 cmH,0O, respectively, thus precluding a full assessment
of the potential damage of elevated PIP and AP. Similarly, 71% and 96% of patients had V-
< 8 and 10 mL/kg, respectively. However, it is difficult to find PIP and V1 above these levels
in modern pediatric ARDS (9, 32). Finally, as ventilation was not protocolized, lack of
association between pressure and outcome may be confounded by clinician management.
However, LUNGSAFE, which also lacked ventilator protocols, demonstrated an independent
association between PIP and mortality (23), in contrast to our pediatric cohort, suggesting
that our results may retain validity even absent protocolization.

CONCLUSION

Improvement in oxygenation, but not improvements in respiratory mechanics, was
associated with lower mortality in pediatric ARDS. Future trials of ventilation in children
should focus on oxygenation response (higher PaO,/FIO,) rather than lower PIP or AP, as
oxygenation was more consistently associated with outcome, and is thus a more appropriate
surrogate metric. The relevance of VILI to pediatric ARDS outcomes requires further study,
as conclusions from adult ARDS extrapolate poorly to children.
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Figure 1.

Respiratory variables (PIP, PEEP, AP, tidal volume, and Cgqyn) and PaO,/FIO, at ARDS onset
and 24 hours after, stratified by PICU survivors (white) and non-survivors (gray). P values

represent rank sum tests.
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Figure2.
Predicted cumulative incidence of successful extubations in fully adjusted models testing

pressure and oxygenation variables simultaneously. Increases in all three pressure variables
(APIP, APEEP, AAP), and decreases in APaO,/FIO,, are associated with prolonged
ventilation. Curves are shown for immunocompetent patients.
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Table 1
Characteristics of the ARDS cohort.

Variables '&“ngégqts (S#rzv:';(l)i(; (Dnl id 48) pvalue
Age (years) 43[15,123] 4.1[1511.8] 6.7[2.6,15] 0.109
Gender (% female) 155 (44) 136 (45) 19 (40) 0.534
PRISM |11 at 12 hours 115, 16] 915, 15] 17 [12, 30] <0.001
Immunocompromised (%) 73(21) 47 (15) 26 (54) <0.001
Cause of ARDS (%)

I nfectious pneumonia 184 (52) 167 (55) 17 (35)

Aspiration pneumonia 32(9) 28 (9) 4(8)

Sepsis 87 (25) 74 (24) 13 (27) 0013

Trauma 22 (6) 16 (5) 6 (13)

Other 27 (8) 19 (6) 8(17)
Non-pulmonary organ failuresat ARDSonset  2[1, 3] 1[1,2] 3[2,4] <0.001
Berlin ARDS severity at onset (%)

Mild 135 (38) 117 (38) 18 (38) 0.067

Moderate 167 (47) 149 (49) 18 (38)

Severe 50 (14) 38 (13) 12 (25)
Ancillary therapy in first 72 hours (%)

Neuromuscular blockade 125 (35) 106 (35) 19 (40) 0.520

Inhaled nitric oxide 89 (25) 70 (23) 19 (40) 0.019

Corticosteroids 189 (54) 156 (51) 33(69) 0.029
First 72 hours of ARDS

M aximum vasopressor score 9[3, 18] 8[3, 16] 125, 35] 0.005

Fluid balance (mL/kg) 03[33,165]  87[30,153]  146[59,257] 0.002
Any ECMO (%) 6 (2) 5(2) 1(2) 0.322
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Separate multivariate testing of association of respiratory variables with mortality (logistic regression) and
successful extubation (competing risk regression)

Mortality Successful extubation

Variable Adjusted OR pvalue Adjusted SHR pvalue
(per increaseof 1SD)  (95% ClI) (95% ClI)

PIP at 24 hours 1.40(0.99t01.97) 0.052 0.71(0.63t00.81) <0.001
PEEP at 24 hours 1.55(1.07t02.23) 0.020 0.79(0.70t0 0.89) < 0.001
AP at 24 hours 1.26 (0.89t01.79)  0.195 0.76 (0.67t00.86) < 0.001
Cayn at 24 hours 0.80(0.53t01.21) 0.293 124(1.12t01.36) <0.001
PaO,/FiO, at 24 hours  0.54 (0.36t00.81)  0.003 156 (1.36t01.76) <0.001
APIP 1.36 (0.98t0 1.90)  0.068 0.72(0.64t00.81) <0.001
APEEP 153(1.09t02.13) 0.013 0.77 (0.68t0 0.86) < 0.001
AAP 1.21(0.85t01.72) 0.282 0.77 (0.69t00.87) <0.001
ACqyn 0.89 (0.62t01.29) 0.546 1.19(1.06t01.35) 0.004
APaO,/FiO, 0.50(0.31t00.79)  0.003 1.65(1.43t01.91) <0.001

Adjusted for PRISM I11, immunocompromised status, and PaO2/FiO2 at ARDS onset
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Page 14

Full models testing association of respiratory variables with mortality (logistic regression) and successful

extubation (competing risk regression) when pressure and oxygenation included in same model

Mortality Successful extubation

Variable Adjusted OR pvalue Adjusted SHR pvalue
(per increaseof 1SD)  (95% ClI) (95% ClI)

PIP at 24 hours 1.10(0.74t0 1.64)  0.625 0.83(0.72t00.95) 0.009
PaO,/FiO, at 24 hours ~ 0.57 (0.37t00.90)  0.015 1.43(1.24t01.66) <0.001
PEEP at 24 hours 1.34(0.90t01.97) 0.146 0.84(0.74t00.95) 0.006
PaO,/FiO, at 24 hours  0.60 (0.40t00.91) 0.015 152(1.33t01.73) <0.001
AP at 24 hours 0.99 (0.66 to 1.49)  0.961 0.89(0.78t01.01) 0.064
PaO,/FiO, at 24 hours  0.54 (0.35t00.84)  0.006 1.48(1.28t01.70) <0.001
Cayn at 24 hours 0.98 (0.64t01.50) 0940  1.12(1.01to125) 0.038
PaO,/FiO, at 24 hours  0.55(0.36t00.83)  0.005 150(1.31t01.72) <0.001
APIP 112 (0.77t0 1.64)  0.540 0.81(0.71t00.92) 0.001
APaO,/FiO, 0.53(0.32t00.87) 0.012 154(1.32t01.80) <0.001
APEEP 1.32(0.91t01.91) 0.148 0.85(0.76t00.96) 0.008
APaO,/FiO, 0.57(0.35t00.92) 0.023 158(1.36t01.84) <0.001
AAP 1.02(0.70to 1.48)  0.909 0.86 (0.75t00.98) 0.019
APa0,/FiO, 050(0.31t00.82) 0005  1.58(1.36t01.84) <0.001
ACgyn 1.04(0.70t0 1.55) 0.843  1.07(0.94t01.22) 0.291
APaO,/FiO, 0.49 (0.31t00.80) 0.004 1.63(1.40t01.90) <0.001

All models include PRISM I11, immunocompromised status, and PaO2/FiO2 at ARDS onset.
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