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Abstract

IMPORTANCE A high Pao,, termed hyperoxemia, is postulated to have deleterious health
outcomes. To date, the association between hyperoxemia during the ongoing management of critical
illness and mortality has been incompletely evaluated in children.

OBJECTIVE To examine whether severe hyperoxemia events are associated with mortality among
patients admitted to a pediatric intensive care unit (PICU).

DESIGN, SETTING, AND PARTICIPANTS A retrospective cohort study was conducted over a
10-year period (January 1, 2009, to December 31, 2018); all 23 719 PICU encounters at a quaternary
children’s hospital with a documented arterial blood gas measurement were evaluated.
EXPOSURES Severe hyperoxemia, defined as Pao, level greater than or equal to 300 mm Hg

(40 kPa).

MAIN OUTCOMES AND MEASURES The highest Pao, values during hospitalization were
dichotomized according to the definition of severe hyperoxemia and assessed for association with
in-hospital mortality using logistic regression models incorporating a calibrated measure of multiple
organ dysfunction, extracorporeal life support, and the total number of arterial blood gas
measurements obtained during an encounter.

RESULTS Of 23 719 PICU encounters during the inclusion period, 6250 patients (13 422 [56.6%]
boys; mean [SD] age, 7.5 [6.6] years) had at least 1 measured Pao, value. Severe hyperoxemia was
independently associated with in-hospital mortality (adjusted odds ratio [aOR], 1.78; 95% Cl,
1.36-2.33; P < .001). Increasing odds of in-hospital mortality were observed with 1(aOR, 1.47; 95% Cl,
1.05-2.08; P = .03), 2 (aOR, 2.01; 95% Cl, 1.27-3.18; P = .002), and 3 or more (aOR, 2.53; 95% Cl,
1.62-3.94; P < .001) severely hyperoxemic Pao, values obtained greater than or equal to 3 hours
apart from one another compared with encounters without hyperoxemia. A sensitivity analysis
examining the hypothetical outcomes of residual confounding indicated that an unmeasured binary
confounder with an aOR of 2 would have to be present in 37% of the encounters with severe
hyperoxemia and 0% of the remaining cohort to fail to reject the null hypothesis (aOR of severe
hyperoxemia, 1.31; 95% Cl, 0.99-1.72).

CONCLUSIONS AND RELEVANCE Greater numbers of severe hyperoxemia events appeared to be
associated with increased mortality in this large, diverse cohort of critically ill children, supporting a
possible exposure-response association between severe hyperoxemia and outcome in this
population. Although further prospective evaluation appears to be warranted, this study's findings
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Key Points

Question Is severe hyperoxemia
(arterial oxygen tension =300 mm Hg)
associated with mortality among

critically ill children?

Findings In this cohort study of 23719
intensive care encounters from 2009 to
2018 at a children’s hospital, 6250
patients had at least 1 measured arterial
oxygen tension value. After adjusting
for covariates, severe hyperoxemia
appeared to be independently
associated with in-hospital mortality,
and a stepwise increase in the adjusted
odds of mortality was observed with
more episodes of severe hyperoxemia.

Meaning Severe hyperoxemia
appeared to be associated with
mortality in a large, single-center cohort
of critically ill children; prospective data
are needed to assess causality.
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Abstract (continued)

suggest that guidelines for ongoing management of critically ill children should take into
consideration the possible detrimental effects of severe hyperoxemia.

JAMA Network Open. 2019;2(8):e199812. doi:10.1001/jamanetworkopen.2019.9812

Introduction

Oxygen is the most commonly used therapy in the management of critically ill patients. First
described at the end of the 20th century, increasing evidence suggests that overuse of oxygen may
be associated with harm among both critically ill children and adults.™ Hyperoxia has been
demonstrated to induce alveolar injury* and hyperoxemia has been associated with endothelial
dysfunction® and decreased coronary blood flow.® Preclinical studies have indicated that
hyperoxemia is associated with vasoconstriction and a corresponding reduction in cardiac output.”
Oxygen free-radical-mediated damage has been implicated in inflammatory cascades and
apoptosis.®1° Several large, observational studies have identified hyperoxemia following cardiac
arrest in adults as an independent risk factor for mortality," ™ although not all studies have
supported such an association.™"® A recent meta-analysis of 25 prospective, randomized clinical
trials that included 16 037 patients identified an increased relative risk of mortality among patients
whose therapy was managed with liberal oxygen use compared with oxygen-conservative
strategies."”

Critically ill children are frequently exposed to supplemental oxygen for prolonged periods and
are at theoretic risk of hyperoxemia-related injury and resulting poor outcomes; however, studies
of hyperoxemia in critically ill pediatric patients have produced conflicting results. Several smaller
studies examining arterial oxygen tension early following cardiac arrest, each including fewer than
250 children, did not find an association between hyperoxemia and mortality."-? In contrast, 2 large
observational studies identified an association between presenting hyperoxemia and mortality
among diagnostically diverse cohorts of critically il children.2324

It remains unclear whether a causal relationship exists between hyperoxemia and outcome or
whether an unidentified confounder mediates these findings, such as an association between
hyperoxemia and aggressive resuscitation with high concentrations of supplemental oxygen among
severely ill patients. In the present study, our objective was to examine whether severe hyperoxemia
during hospitalization among patients admitted to a pediatric intensive care unit (PICU) was
associated with mortality. To build on previous studies, we sought to determine the possibility of
whether an exposure-response association existed between severe hyperoxemia and mortality in a
large, acuity-adjusted series of PICU patients. We hypothesized that severe hyperoxemia would be
independently associated with mortality and that an increasing number of severe hyperoxemia
events would be associated with increasing risk of death.

Methods

Study Setting and Inclusion Criteria

We performed a retrospective cohort study from a quaternary care PICU in western Pennsylvania.
The study institution is a level | trauma center and serves a catchment area of approximately 5 million
people. A dedicated neonatal intensive care unit provides care for infants less than 44 weeks’
corrected gestational age at the time of admission, and patients with congenital heart disease are
cared for in a separate, dedicated cardiac intensive care unit; these groups were not included in the
present study. We evaluated all encounters in children admitted to the PICU between January 1,
20009, to December 31, 2018. Each hospitalization was treated as a separate encounter. An illness
severity measurement was constructed using data from all PICU encounters. Encounters with a
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measured PaO, during hospitalization were identified and included in the analysis of hyperoxemia.
This study followed the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)
reporting guideline.?® Prior to data collection, all aspects of this study were approved by the University
of Pittsburgh Institutional Review Board with a waiver of informed consent, owing to deidentified data
following collection.

Data Extraction

For each encounter, the following data were abstracted from an electronic, clinical data warehouse
using the business intelligence platform SAP BusinessObjects: demographic data (age and sex),
hospitalization data (time of admission and discharge), outcome data (discharge or in-hospital
mortality), and Pao, values. In addition, we collected clinical data (mean arterial blood pressure,
Glasgow Coma Scale measurement, pupillary reflexes, mechanical ventilation) and laboratory data
elements (Paco,, lactate level, creatinine level, white blood cell count, platelet count) required for
risk adjustment scoring. Because patients receiving extracorporeal life support (ECLS) may have a
high Pao, level resulting from a venoarterial circuit, use of ECLS was abstracted for all patients. All
data points were time stamped.

Outcome and Exposure
The outcome of interest was in-hospital mortality. Maximum values of Pao, at any time during PICU
hospitalization for each encounter were used in the analyses. On the basis of previously published

literature,'+17:2426

we selected 300 mm Hg (40 kPa) as the arterial oxygen tension defining severe
hyperoxemia. Duration of exposure to severe hyperoxemia was modeled by identifying encounters
with at least 3 Pao, values, each recorded at least 3 hours apart, and grouping these encounters into

4 categories based on the number of severely hyperoxemic Pao, values (O, 1, 2, or =3).

Measuring Severity of lliness

To account for patient illness severity, we constructed a modified version of the Pediatric Logistic
Organ Dysfunction-2 (m-PELOD-2) score using structured data harbored by the electronic health
record, per previously published methods, excluding the ratio of Pao, to fraction of inspired oxygen
(Pa0,/F10,) values from the m-PELOD-2 calculation for the present analyses.?”-? The m-PELOD-2
scores range from O to 31, with O indicating no organ dysfunction and 31indicating the greatest
amount of organ dysfunction as quantified by the score. For risk assessment, m-PELOD-2 scores
were derived using data obtained throughout the entire hospitalization. Calibration of the
m-PELOD-2 instrument was performed by randomly selecting 75% of all PICU encounters as a
development cohort and assessing performance of the resulting model output among the remaining
25% of all PICU encounters.

Statistical Analysis
Data were summarized with descriptive statistics, using mean (SD) for parametric data and median
(interquartile range [IQR]) for nonparametric data. We assessed predictive validity of the m-PELOD-2
by examining the C statistic as a measure of discrimination and calibration by inspection of observed
vs predicted mortality calibration belts and use of the Hosmer-Lemeshow goodness-of-fit test,
defining inadequate fit a priori as P < .05. The 95% Cls of the C statistics were calculated per the
method of Delong using the pROC package, version 1.13.0, in R (R Project for Statistical Computing).
Calibration was assessed using the GiViTi package, version 1.3, in R to construct calibration belts and
the ResourceSelection package, version 0.3-4, in R to perform the Hosmer-Lemeshow goodness-
of-fit test based on deciles of observed to predicted mortality. Acceptable calibration was defined a
priori as a P > .05 using either approach.

Proportions of observed and predicted mortality were examined in strata of 50-mm Hg (6.7
kPa) Pao, increments. Univariable logistic regression models assessed patient age, m-PELOD-2
score, use of ECLS, the number of Pao, values obtained during the encounter, and severe
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hyperoxemia with in-hospital mortality as the outcome. A multivariable model was constructed
incorporating variables with a univariable P < .10. Differences in time intervals between admission
time and multiple Pao, values were compared using the Wilcoxon rank sum test and the Kruskal-
Wallis test. We conducted a sensitivity analysis to assess for residual confounding in the multivariable
model by examining the hypothetical influence of an unmeasured, binary confounder of
hyperoxemia on mortality using the obsSens package, version 1.0, in R. The unmeasured confounder
was modeled with effect sizes of adjusted odds ratios (aORs) of 2, 3, 4, and 5. The threshold for
statistical significance in all analyses was an a level of .05, with 2-tailed P values determined. Results
are reported as odds ratios (ORs) and aORs with 95% Cls. Analyses were conducted using R, version
3.5.1 (R Project for Statistical Computing).

Additional Analyses

We performed several post hoc analyses to further evaluate the association between hyperoxemia
and mortality identified in our initial analyses. To evaluate whether multiple encounters of the same
patient may have confounded the results, we performed 2 sensitivity analyses. First, we again
conducted the main analysis constructing logistic regression models with each encounter’s
maximum Pao,, including only the last available encounter for each child. For the second analysis, we
included all encounters and constructed a generalized estimating equations logistic regression
model, clustering by patient identifier, to account for correlation between recurrent encounters by
the same patient.

To further evaluate thresholds of hyperoxemia associated with mortality, we constructed a
receiver operator curve (ROC) using maximum Pao, level for each encounter and identified cut
points using the Youden method, misclassification cost term, maximized specificity, and maximized
sensitivity and specificity. Sensitivity, specificity, positive and negative predictive value, and positive
and negative likelihood ratios were identified at each cut point. Univariable and multivariable logistic
regression models examined maximum Pao, levels in bins of no hyperoxemia (<300 mm Hg [40
kPa]), severe hyperoxemia (300-499 mm Hg [40- 66.5 kPa]), and extreme hyperoxemia (=500 mm
Hg [66.5 kPa]). To better account for nonparametric predictors, a multivariate adaptive regression
splines (MARS) model was constructed using all covariates from the primary analysis.?® The MARS
model provides added flexibility compared with linear models, such as logistic regression, by
incorporating nonlinear relationships of the included variables. We performed 10-fold cross-
validation to identify the optimal combination of interaction effects and terms and ranked the terms
in order of importance on the basis of reduction of generalized cross-validation estimates. This
analysis was performed using the earth, version 5.1.1; caret, version 6.0-8.1; and vip, version 0.1.2;
packages of R software. The area under the receiver operating curve (AUROC) of the MARS model
was compared with the logistic regression model of the primary analysis using the method of DeLong
and the pROC package, version 1.15.0.

To further evaluate a gradient-response association between severe hyperoxemia and mortality,
we additionally modeled arterial oxygen tension as an area under the curve (AUC). We selected the
subset of patients for whom there were at least 3 daily measurements of Pao, over the initial 3 days
following arterial line placement and calculated an AUC using trapezoidal integration. We additionally
explored whether paired oxygen saturation as measured by pulse oximetry (Spo,) and Fio, values
between Pao, measurements could serve as a reliable surrogate of arterial oxygen tension. This
testing was accomplished by examining distributions of Pao, measurements obtained within 20
minutes of a documented Spo, value of 100% and a Fio, value. A MARS model was constructed that
incorporated the AUC as a continuous variable, adjusting for patient age, m-PELOD-2 score, use of
ECLS, and the number of Pao, values obtained during the encounter.
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Results

There were 23719 PICU encounters in the 10-year study period; 491 children (2.1%) died during
hospitalization. There were 174 160 Pao, values measured in 6250 encounters. Among patients with
a Pao, value available, 13 422 were male (56.6%), the mean (SD) age was 7.5 (6.6) years, and 405
children (6.5%) died during hospitalization. In-hospital mortality among patients without a measured
Pao, value was 0.49%. Demographic data for included encounters are provided in Table 1.

The m-PELOD-2 AUROC in the development cohort (n = 17 816) was 0.93 (95% Cl, 0.91-0.94)
and did not demonstrate acceptable calibration through assessment of the calibration belt and the
Hosmer-Lemeshow goodness-of-fit test (both P < .001). After recalibration, the AUROC was 0.94
(95% Cl, 0.92-0.95) and the goodness-of-fit test indicated acceptable calibration by the calibration
belt (P = .71) and the Hosmer-Lemeshow goodness-of-fit test (P = .63) in the test cohort (n = 5939)
(eFigure 1in the Supplement). Stratifying the cohort by maximum Pao, values demonstrated that
observed mortality surpassed predicted mortality in the 50- to 99-mm Hg (6.7-13.2 kPa) bin, as well
asin all bins 300 mm Hg (40 kPa) or more (Figure).

Table 2 presents the results of univariable and multivariable logistic regression. After adjusting
for significant covariates, hyperoxemia was associated with in-hospital mortality (aOR, 1.78; 95% Cl,
1.36-2.33; P < .001), as was the m-PELOD-2 score (aOR, 2.63; 95% Cl, 2.44-2.84; P < .001). The
results of a sensitivity analysis assessing possible residual confounding indicated that an
unmeasured, binary variable would have to be present in 37% of the encounters with severe
hyperoxemia and 0% of the remaining cohort to fail to reject the null hypothesis (aOR of severe
hyperoxemia, 1.31; 95% Cl, 0.99-1.72) (eTables 1-4 in the Supplement).

There were 3464 encounters with at least 3 Pao, values separated by at least 3 hours each, of
which 2211 encounters (63.8%) did not have documented severe hyperoxemia. There were 816
encounters (23.6%) with 1severely hyperoxemic Pao, value, 236 encounters (6.8%) with 2, and 201
encounters (5.8%) with 3 or more. In-hospital mortality was 127 of 2211 deaths (5.7%) among
encounters without any severely hyperoxemic Pao, values, 102 of 816 deaths (12.5%) among
encounters with 1severely hyperoxemic Pao, value, 53 of 236 deaths (22.5%) among encounters

Table 1. Patient Demographics

Encounters With Pao, Values (n = 6250)

AlLPICU No Hyperoxemia Hyperoxemia
Characteristic Encounters (<300 mm Hg) (2300 mm Hg)
No. (%) 23719 4559 (72.9) 1691 (27.1)
Pao,, median (IQR), mm Hg 104 (77-145) 97 (75-132) 112 (80-160)
In-hospital mortality, No. (%) 491 (2.1) 162 (3.6) 243 (14.4)
Male, No. (%) 13422 (56.6) 2531 (55.5) 969 (57.3)
Age, No. (%)
<30d 386 (1.6) 62 (1.4) 39(2.3)
>30dto<ly 3886 (16.4) 730 (16.0) 291(17.2)
lto<2y 2720 (11.5) 470 (10.3) 160 (9.5)
2to<6y 5362 (22.6) 818 (17.9) 305 (18.0)
6to<12y 4521 (19.1) 948 (20.8) 315(18.6)
12to<18y 5229 (22.0) 1163 (25.5) 443 (26.2)
218y 1615 (6.8) 368 (8.1) 138(8.2)
Race/ethnicity, No. (%)
White 17974 (75.8) 3584 (78.6) 1296 (76.6)
Black 4138 (17.4) 654 (14.3) 247 (14.6)
Other or not stated 1607 (6.8) 321(7.0) 148 (8.8)
Use of ECLS, No. (%) 146 (0.6) 38(0.8) 99 (5.9)
Estimated mortality by m-PELOD-2 score, % Abbreviations: ECLS, extracorporeal life support; IQR,
Median (IQR) 0.3(0.2-0.7) 0.7 (0.3-1.9) 1.8(0.6-10.2) interquartile range; m-PELOD 2, modified Pediatric
Mean (SD) 2.1(8.4) 3.9(1L1) 11.8(21.2) Logistic Organ Dysfunction-2; PICU, pediatric intensive

care unit.
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with 2 severely hyperoxemic Pao, values, and 75 of 201 deaths (37.3%) among encounters with 3 or
more severely hyperoxemic Pao, values (eTable 5 in the Supplement). In multivariable analysis, the
presence of 1(aOR, 1.47; 95% Cl, 1.05-2.08; P = .03), 2 (aOR, 2.01; 1.27-3.18; P = .002), or 3 or more
(aOR, 2.53; 95% Cl, 1.62-3.94; P < .001) severely hyperoxemic Pao, values in patients were
independently associated with in-hospital mortality compared with patients without documented
severe hyperoxemia, after adjusting for iliness severity, ECLS, and the number of Pao, values
obtained during hospitalization (Table 3).

Comparing groups of patients with 1, 2, or 3 severely hyperoxemic Pao, values during
hospitalization, the median duration between admission time and the first severely hyperoxemic
Pao, value was not significantly different. In patients with at least 2 events of severe hyperoxemia,
the median durations between the first Pao, and second Pao, values in encounters with 2 (6.2 hours;

Figure. Proportions of Observed and Estimated Mortality for Included Patients Grouped by Maximum Pao,
Level During Pediatric Intensive Care Unit Hospitalization
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Maximum Pa0,, mm Hg Modified Pediatric Logistic Organ Dysfunction-2 score
No. atrisk 501 565 698 1054 1027 814 526 345 210 264 188 158 was used as the measure.
Table 2. Association of the Maximum Pao, Value During Hospitalization and In-Hospital Mortality Before and Abbreviations: ABG, arterial blood gas; aOR, adjusted
After Adjustment With the m-PELOD-2 Score odds ratio; ECLS, extracorporeal life support;
m-PELOD-2, modified Pediatric Logistic Organ
Univariable Analysis Multivariable Analysis Dysfunction-2; NA, not applicable; OR, odds ratio.
Variable OR (95% CI) P Value a0R (95% C1)° P Value 2 Included variables of duration of hyperoxemia,
Maximum Pao, value® m-PELOD-2 score, provision of ECLS, and number of
No hyperoxemia (<300 mm Hg) 1 [Reference] 1 [Reference] ABG measures per encounter.
Hyperoxemia (2300 mm Hg) 4.45(3.70-5.61) <.001 1.75(1.33-2.29) <.001 ® For Pao, level greater than or equal to 300 mm Hg,
m-PELOD-2 score® 2.71(2.53-2.91) <.001 2.60(2.41-2.81)  <.001 the kilopascal value is 40 kPa.
Received ECLS 10.68 (7.46-15.30)  <.001 1.36(0.84-2.21) 21 © The m-PELOD-2 scores range from O to 31, with O
No. of ABG measures during encounter 1.01 (1.01-1.01) <.001 1.00 (1.00-1.00) .82 indicating no organ dysfunction and 31indicating the
greatest amount of organ dysfunction as quantified
Age, d 1.00 (1.00-1.00) .36 NA

by the score.

Table 3. Association of the Number of Severely Hyperoxemic Pao, Values and In-Hospital Mortality
Among Encounters With at Least 3 Pao, Measurements at Least 3 Hours Apart

Abbreviations: ABG, arterial blood gas; aOR, adjusted

Univariable Analysis Multivariable Analysis - -
. o i e o odds ratio; ECLS, extracorporeal life support;
Vatkilte - BRER%ICH PVEIE sORIGE) dLie m-PELOD-2, modified Pediatric Logistic Organ
No. of hyperoxemic Pao, values Dysfunction-2; NA, not applicable; OR, odds ratio.
iab
No hyperoxemia 1 [Reference] 1 [Reference] 2 Included variables of number of hyperoxemic PaO2
1 Pao, value 2300 mm Hg 2.34(1.78-3.08) <.001 1.47 (1.05-2.08) .03 values, m-PELOD-2 score, provision of ECLS, and
2 Pao, values 2300 mm Hg 4.75(3.33-6.77) <.001 2.01(1.27-3.18) .003 number of ABG measures per encounter.
23 Pao, values 2300 mm Hg 9.77 (6.97-13.69) <.001 2.53(1.62-3.94) <.001 ® For Pao, level greater than or equal to 300 mm Hg,
m-PELOD-2 score® 2.66 (2.45-2.89) <.001 2.53(2.32-2.76)  <.001 the kilopascal value is 40 kPa.
Received ECLS 6.80 (4.69-9.86) <.001 1.40 (0.84-2.31) 13 € The m-PELOD-2 scores range from O to 31, with O
No. of ABG measures during encounter 1.01(1.01-1.01)  <.001 1.00(1.00-1.00) .85 indicating no organ dysfunction and 31indicating the
greatest amount of organ dysfunction as quantified
Age, d 1.00 (1.00-1.00) .20 NA
by the score.
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IQR, 3.8-29.6 hours) or 3 or more (4.8 hours; IQR, 3.8-9.5 hours) severely hyperoxemic Pao,
measurements were significantly different (P = .04). In patients with 3 severely hyperoxemic Pao,
values, the median duration between the first and second severely hyperoxemic Pao, values
(median, 4.8 hours; IQR, 3.8-9.5 hours) and second and third severely hyperoxemic gas values (5.1
hours; IQR, 3.8-20.9 hours) were similar (P = .30).

Post Hoc Analyses

Analyses accounting for multiple encounters in the same patient during the inclusion period using
only the last available patient encounter (n = 4432) demonstrated results consistent with those of
the primary analysis (eTable 6 and eTable 7 in the Supplement), as did the generalized estimating
equations logistic regression models clustered by patient identifier (eTable 8 and eTable 9 in the
Supplement). Univariable ROC analysis of maximum Pao, value as a predictor of mortality
demonstrated an AUROC value of 0.71and a Youden cut point of 302 mm Hg (40.2 kPa) (eFigure 3in
the Supplement). Using alternative cut point selection methods, the Pao, thresholds ranged from
267 to 641 mm Hg (35.6-85.5 kPa) (eTable 10 in the Supplement). A stepwise increase in the aOR for
mortality was observed between severe hyperoxemia and extreme hyperoxemia in a multivariable
logistic regression model (eTable 11in the Supplement). In the MARS model, the association between
maximum Pao, value and mortality was pronounced above a threshold of approximately 545 mm
Hg (72.7 kPa). Plots demonstrating the splines for each independent variable in the MARS model are
presented in eFigure 2 in the Supplement. The AUROC of the MARS model was comparable to the
AUROC of the multivariable logistic regression model from Table 2 (0.94 vs 0.93; P = .05).

There were 1782 encounters with at least 3 Pao, measurements per day for the initial 3 days of
arterial line placement and 232 patients (13.0%) died during hospitalization. The median AUC of PaO,
values over 3 days was 8300 mm Hg (IQR, 6828-10 019 mm Hg). The AUC was higher in patients
with in-hospital mortality compared with those without in-hospital mortality (9002 [IQR,
7245-11495]; vs 8215 [IQR, 6792-9861] mm Hg; P < .001). Plots derived from the nonparametric
MARS model incorporating AUC as a continuous variable with the covariates m-PELOD-2 score, use
of ECLS, number of Pao, values, and age demonstrated an association between in-hospital mortality
and rising AUC above a threshold of approximately 8355 mm Hg (1113 kPa) over the initial 3 days of
arterial line placement (eFigure 4 in the Supplement). A wide range of Pao, values was observed
within 20 minutes of documented Spo, and Fio, values; therefore, we did not attempt to use
measurements of Spo, and Fi0, as surrogates for arterial oxygen tension (eTable 12 in the
Supplement).

Discussion

In this large cohort study examining encounters in a quaternary PICU over 10 years, severe
hyperoxemia, defined as a Pao, level of 300 mm Hg (40 kPa) or higher, was independently
associated with in-hospital mortality after controlling for a calibrated measure of illness severity, the
use of ECLS, and the total number of obtained Pao, measurements. In addition, an exposure-
response association was observed, with increasing odds of mortality evident with 1, 2, and 3 or more
severely hyperoxemic Pao, values. A sensitivity analysis indicates that these results are robust, as an
unmeasured, binary confounder with an effect size of an aOR of 2 would need to be present in more
than one-third of encounters with severe hyperoxemia, and not present in any of the
nonhyperoxemic encounters, for severe hyperoxemia not to be associated with mortality. Findings
from our post hoc analyses are consistent with our initial results.

Our finding of an association between severe hyperoxemia and poor outcome fits into a large
body of adult data suggesting a detrimental outcome of high Pao, levels."” In a prospective study of
280 adults, early hyperoxemia was associated with poor neurologic outcomes.™ Another study of
6326 adults following cardiac arrest identified an independent association between hyperoxemia
and mortality.” Similar studies of pediatric patients have not consistently demonstrated comparable
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findings, although these have been limited by smaller sample sizes. In one of the largest studies of
children after cardiac arrest that included 1875 patients, a first-measured Pao, value of 300 mm Hg
(40 kPa) or higher following ICU admission was independently associated with mortality.2® In
addition, 2 observational studies report associations between admission hyperoxemia and mortality
among diagnostically diverse, critically ill children.2*>2* Raman et al** identified a U-shaped
association between admission Pao, values and mortality among 7410 children admitted to a PICU,
after adjusting for age, sex, and an m-PELOD 2 score that excluded Pao,/Fio, ratio measurements to
control for iliness severity. Risk of mortality was observed to rise below a Pao, level of 188 mm Hg
(25.1kPa) and above 300 mm Hg (40 kPa). Numa et al*> observed among 1447 PICU patients that an
admission Pao, value greater than 250 mm Hg (33.3 kPa) was associated with 2.66 increased odds
of death after adjusting for illness severity using the Pediatric Index of Mortality-3.

The association between Pao, level and in-hospital mortality identified in our own and other
observational studies may reflect confounding by indication. Higher concentrations of supplemental
oxygen are commonly administered during resuscitation, with the sickest patients often receiving
an F10, of 1.0, via either a nonrebreather facemask or positive pressure ventilation. Severity of illness
measurements, such as versions of the Pediatric Index of Mortality or the Pediatric Risk of Mortality
score, are conventionally used to control for acuity of the patient's condition when examining
whether a factor such as hyperoxemia is independently associated with an outcome such as
mortality. However, these common severity-of-illness measurements have been developed using
multicenter data and typically require recalibration to uniformly control for illness severity when
applied to single institution data.3°' In addition, the Pediatric Index of Mortality and Pediatric Risk
of Mortality score include only data surrounding PICU admission and therefore do not adequately
control for increasing illness severity later during a hospitalization. We calibrated a modified version
of the PELOD-2 to our institutional data to generate a predicted mortality risk representative of
population-level outcomes at our institution across the full spectrum of illness severity. The
m-PELOD-2 incorporated data from the patient’s entire hospitalization, in contrast to admission
illness severity measurements, which only incorporate data from a narrower time window
surrounding admission.3233

The observation of a possible biological gradient or dose-response with increasing severe
hyperoxemic events in the present study is consistent with the biological mechanisms postulated to
underlie the harm conferred by hyperoxemia. For patients with multiple hyperoxemic Pao, values,
these measures were most commonly separated by several hours. Periods of prolonged hyperoxemia
may have an aggravated proinflammatory response®* and lead to depletion of endogenous free-
radical scavenger systems.>® The study by van Zellem et al?' of children receiving mild therapeutic
hypothermia following cardiac arrest suggested a possible benefit of cumulative oxygen exposure
during the first 24 hours of admission, in which oxygen exposure was measured by an estimated AUC
based on Pao, values using the trapezoid method. In that study, the median AUC for the first 24 hours
was 3264.8 mm Hg (136 mm Hg per hour) in survivors vs 3119.9 mm Hg (130 mm Hg per hour) in
nonsurvivors, which was not a statistically significant difference. A high AUC could be observed in
patients without any Pao, values above 200 mm Hg (26.7 kPa), and results were only nominally
significant in multivariable analysis without accounting for multiple testing.

Although true causal inference will require rigorous, prospective evaluation of hyperoxemia as
it relates to mortality, the existing evidence, coupled with the biological plausibility of the deleterious
effects of hyperoxemia, continues to warrant consideration in the design of guidelines for both
resuscitation and ongoing support of critically ill children. The 2015 update of the American Heart
Association guidelines for pediatric advanced life support recommend starting resuscitation with an
Fio, level of 1.0, then weaning when able to target an oxyhemoglobin saturation of 94% to 99%.3¢
Similarly, the European Resuscitation Council recommends maintaining oxyhemoglobin saturations
in the range of 94% to 98%.3” Recognition of possible harm caused by hyperoxemia in
newborns®4° prompted changes to resuscitation guidelines,**+2
randomized clinical trial of lower vs higher target oxygen saturations in neonates demonstrated an

although a prospective,
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increased risk of mortality in the target oxygenation range of 85% to 89% compared with 91%
t0 95%.4

Our sensitivity analyses indicate that a beneficial association with hyperoxemia could have been
masked by an unmeasured confounder with an aOR of 5 that was present in approximately 40% of
encounters with hyperoxemia and 0% of the encounters with normoxemia. Prospective data are
needed to determine whether targeting normoxemia and avoiding both hypoxemia and
hyperoxemia is the safest approach to provide ongoing life support for critically ill children without
cyanotic heart disease, or exceptional disease states, such as cyanide poisoning or high
concentrations of carboxyhemoglobinemia, One pilot, multicenter, randomized trial examined
conservative vs liberal oxygenation management among critically ill children and demonstrated the
feasibility of a prospective study using Spo, and Fio, as study targets.** In contrast, Spo, was not a
reliable surrogate of Pao, in our study.

Limitations

This study is limited by its retrospective observational design. Because we only included maximum
Pao, values, we did not assess for an association between hypoxemia and mortality, and a lower
acceptable threshold of Pao, cannot be identified in the present analysis. The timing and frequency
of Pao, values were determined by the treating clinical team, with sicker patients and patients with
longer hospitalizations likely contributing to sampling bias. We attempted to control for this possible
bias by including the total number of Pao, values obtained per encounter in our regression models.
Furthermore, it is unclear in the present study whether the median times of more than 4 hours
between the first, second, and third hyperoxemic Pao, value measurements signify periods of
protracted exposure to hyperoxia or shorter discrete events. Sensitivity analyses of unmeasured
confounding modeled the theoretic effect of a single dichotomous variable; however, in the dynamic
context of disease and patient care, confounding may occur as an aggregate of transient exposures.
We did not distinguish different categories of disease in the present cohort and therefore may have
missed a beneficial effect of hyperoxemia in certain disease states, such as traumatic brain injury.**
Although our sensitivity analysis appears to indicate that the present results are robust, residual
confounding remains possible and would be optimally addressed with a prospective, randomized
trial design.

Conclusions

Data derived from a large cohort of patients admitted to a PICU suggest that severe hyperoxemia was
independently associated with in-hospital mortality. In addition, a greater number of measured
severe hyperoxemic Pao, values during hospitalization appear to be associated with increased odds
of in-hospital mortality. These findings, while in need of prospective validation, seem to support an
association between severe hyperoxemia and poor outcomes among critically ill children and
adolescents. Future guidelines for the ongoing support of critically ill children may account for the
possible deleterious effects of supratherapeutic oxygen levels in this population.
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eFigure 1. Receiver Operating Characteristic Curves and Calibration Belts for m-PELOD 2 Initially and Following
Re-Calibration to Data Set

eFigure 2. Multivariate Adaptive Regression Splines Using the Maximum Pao2 for Each Encounter With Relevant
Covariates. for Each Plot

eFigure 3. Threshold Analysis for Maximum Pao, During Encounter Using Unadjusted ROC Curve

eFigure 4. Multivariate Adaptive Regression Splines Using the Pao2 AUC for Encounters With at Least 3 Pao2
Values per Day, With Relevant Covariates

eTable 1. Sensitivity Analysis Demonstrating the Effect of a Hypothetical Unmeasured Risk Factor (Confounder) on
the Adjusted Odds Ratio of the Primary Exposure of Interest (Hyperoxemia) on In-Patient Mortality at an Adjusted
Odds Ratio of the Confounder of 2 and at Varying Prevalence in the Exposed and Unexposed Groups

eTable 2. Sensitivity Analysis Demonstrating the Effect of a Hypothetical Unmeasured Risk Factor (Confounder) on
the Adjusted Odds Ratio of the Primary Exposure of Interest (Hyperoxemia) on In-Patient Mortality at an Adjusted
Odds Ratio of the Confounder of 3 and at Varying Prevalence in the Exposed and Unexposed Groups
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eTable 3. Sensitivity Analysis Demonstrating the Effect of a Hypothetical Unmeasured Risk Factor (Confounder) on
the Adjusted Odds Ratio of the Primary Exposure of Interest (Hyperoxemia) on In-Patient Mortality at an Adjusted
Odds Ratio of the Confounder of 4 and at Varying Prevalence in the Exposed and Unexposed Groups

eTable 4. Sensitivity Analysis Demonstrating the Effect of a Hypothetical Unmeasured Risk Factor (Confounder)
on the Adjusted Odds Ratio of the Primary Exposure of Interest (Hyperoxemia) on In-Patient Mortality at an
Adjusted Odds Ratio of the Confounder of 5 and at Varying Prevalence in the Exposed and Unexposed Groups
eTable 5. Descriptive Data for Encounters Categorized by Number of Pao, Values Corresponding With Hyperoxia
Among Patients With =3 Pao, Measurements Collected =3 Hours Apart

eTable 6. Association of the Maximum Pao, During Hospitalization and In-Hospital Mortality Before and After
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(N = 4432 Subjects)

eTable 7. Association of the Number of Pao, Measurements With Hyperoxemia and In-Hospital Mortality,
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eTable 8. Association of the Maximum Pao, During Hospitalization and In-Hospital Mortality Using Generalized
Estimating Equations Clustered by Patient Identifier

eTable 9. Association of the Number of Pao, Measurements With Hyperoxemia and In-Hospital Mortality Among
Those Patients With at Least Three Pao, Measurements at Least Three Hours Apart as a Sensitivity Analysis Using
Generalized Estimating Equations to Account for Clustering Around Subjects

eTable 10. Optimal Thresholds Derived From Receiver Operator Curve Analysis

eTable 11. Multivariable Logistic Regression Model Examining Additional Thresholds of Maximum Pao, Values
eTable 12. Proportions of Pao, Corresponding With Hyperoxia at Different Fractions of Inspired Oxygen (Fio,)
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