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Comparison of Sp0O, to Pa0, based markers of lung disease severity
for children with acute lung injury*
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Objective: Given pulse oximetry is increasingly substituting
for arterial blood gas monitoring, noninvasive surrogate markers
for lung disease severity are needed to stratify pediatric risk. We
sought to validate prospectively the comparability of Sp0,/Fio, to
Pa0,/Fio, and oxygen saturation index to oxygenation index in chil-
dren. We also sought to derive a noninvasive lung injury score.

Design: Prospective, multicentered observational study in six
pediatric intensive care units.

Patients: One hundred thirty-seven mechanically ventilated chil-
dren with Sp0, 80% to 97% and an indwelling arterial catheter.

Interventions: Simultaneous blood gas, pulse oximetry, and
ventilator settings were collected. Derivation and validation data
sets were generated, and linear mixed modeling was used to de-
rive predictive equations. Model performance and fit were evalu-
ated using the validation data set.

Measurements and Main Results: One thousand one hundred
ninety blood gas, Sp0,, and ventilator settings from 137 patients were
included. Oxygen saturation index had a strong linear association with
oxygenation index in both derivation and validation data sets, given
by the equation oxygen saturation index = 2.76 + 0.547*oxygenation

index (derivation). 1/Sp0,/Fio, had a strong linear association with
1/Pa0,/Fuo, in both derivation and validation data sets given by the
equation 1/Sp0,/Fio, = 0.00232 + 0.443/Pa0,/Fio, (derivation). Sp0,/
Fio, criteria for acute respiratory distress syndrome and acute lung
injury were 221 (95% confidence interval 215-226) and 264 (95%
confidence interval 259-269). Multivariate models demonstrated that
oxygenation index, serum pH, and Paco, were associated with oxygen
saturation index (p < .05); and 1/Pa0,/Fio,, mean airway pressure, se-
rum pH, and Paco, were associated with 1/Sp0,/Fio, (p < .05). There
was strong concordance between the derived noninvasive lung injury
score and the original pediatric modification of lung injury score with
a mean difference of —0.0361 +0.264 sp.

Conclusions: Lung injury severity markers, which use Sp0,,
are adequate surrogate markers for those that use Pa0, in chil-
dren with respiratory failure for Sp0, between 80% and 97%. They
should be used in clinical practice to characterize risk, to increase
enrollment in clinical trials, and to determine disease prevalence.
(Crit Care Med 2012; 40:1309-1316)

Kev Worps: acute lung injury; pediatrics; pulse oximetry; respi-
ration, artificial; severity of illness index

hildren with acute lung in-
jury (ALI) and acute respira-
tory distress syndrome (ARDS)
face substantial morbidity and

mortality in pediatric intensive care units
(PICUs) (1, 2), but there have only been a
few interventional clinical trials on pe-
diatric ALI/ARDS (3, 4). The reasons for

*See also p. 1386.
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this are multifactorial but are in part the
result of the fact that the 1994 American—
European Consensus Conference defi-
nition of ALI/ARDS requires an arterial
blood gas (ABG) to calculate the PaO,/
Fio, (PF) ratio (5). Given the challenges
to placing arterial catheters in small chil-
dren, coupled with the increased use and
reliability of pulse oximetry in PICUs (6),
Pa0, values are not routinely obtained,
precluding calculation of the PF ratio.
This has resulted in an inability to screen
many critically ill children for ALI/ARDS
(2, 6) and has resulted in an underestima-
tion of the disease prevalence in children.
In addition, ALI/ARDS studies have gen-
erally been limited to children that have
more severe lung injury or hemodynamic
compromise, because these are the chil-
dren who receive arterial lines.
Furthermore, the optimal variable to
quantify oxygenation impairment for risk
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stratification or clinical trial enrollment
remains unknown. The PF ratio is not
reliably associated with mortality in
adults with lung injury (7-10) (although
the association is slightly stronger in chil-
dren [11, 12]), and the ALI and ARDS PF
cutoff values were determined by consen-
sus, somewhat arbitrarily. An alternative,
the oxygenation index (OI = 100* Paw*
Fio,/Pa0,), has been used as entry criteria
and to stratify risk in numerous pediatric
studies (3, 4, 11-13), but also requires an
ABG. OI has an inherent advantage over
PF ratio in that it incorporates mean air-
way pressure (Paw) (14), and it may have
a more reliable association than PF ratio
with mortality in children (11-13). OI
<6 has been used for extubation readi-
ness testing for clinical trials (3). OI >13
has been used to describe “high-risk”
patients with ARDS for clinical trials on
surfactant (4). In neonates, OI >20 has
been argued for consideration of high-
frequency oscillatory ventilation and OI
>40 for consideration of extracorpo-
real membrane oxygenation. Lastly, the
Murray lung injury score, initially used to
describe severe ARDS in adults (15), has
also been used for risk stratification. It av-
erages four components, scored 0-4: PF
ratio, quadrants of alveolar consolidation
on chest radiograph, dynamic compliance
of the respiratory system, and level of
positive end-expiratory pressure. We have
previously adapted this score for pediat-
rics (16) and have demonstrated that it is
associated with mortality in children (11).
However, it too requires arterial sampling
for calculation of the PF ratio.

Although it is clinically acceptable for
children without lung injury to have SpO,
between 92% and 100%, target SpO, for
children with ALI is between 88% and 95%.
Because the oxyhemoglobin dissociation
curve is nearly linear when SpO, is between
80% and 97%, it may be possible to char-
acterize pediatric lung injury accurately by
substituting SpO, for Pa0,. A prospective
study in adults suggested that the pulse
oximetry saturation ratio (SF = SpO,/Fo,)
may be a reliable surrogate for the PF ratio
when SpO, is =97% (17). We have shown
similar results in retrospective studies of
the SF ratio in children, although the SF
ratios corresponding to PF ratios for ARDS
(200) and ALI (300) were lower relative to
the adult study (18, 19). SF ratios have also
been associated with mortality in children
(20). Our retrospective data also demon-
strate that oxygen saturation index [OSI
= 100*Paw*F10,/Sp0,], which substitutes
SpO, for Pa0,, adequately discriminates PF
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criteria for ALI and ARDS (19) and is asso-
ciated with mortality (20).

The goal of this study was to test
whether noninvasive, SpO,-based mea-
sures of pediatric oxygenation impairment
can be used to predict values that, to date,
have only been obtainable through ABG
sampling. We therefore sought to prospec-
tively validate the comparability of OSI to
OI and SF to PF in a multicenter obser-
vational study in children. Furthermore,
we sought to derive and validate a nonin-
vasive version of the pediatric lung injury
score (NLIS). We reasoned validation of
these noninvasive markers will expand the
population of children eligible for clinical
studies on ALI/ARDS, offer alternative di-
agnostic criteria, and facilitate gathering
accurate epidemiologic data related to pe-
diatric ALI and ARDS.

MATERIALS AND METHODS

Patients. We conducted a prospective,
observational, cohort study in six multidis-
ciplinary U.S. PICUs from August 2009 to
October 2010. Participating PICUs included:
Children’s Hospital Los Angeles, Penn State
Children’s Hospital, the University of Virginia
Children’s Hospital, Nationwide Children’s
Hospital, Monroe Carell Children’s Hospital,
and Cohen Children’s Medical Center of New
York. Children (=37 wks gestational age and
<18 yrs) were included if they were intubated
and mechanically ventilated with an indwell-
ing arterial catheter and had continuous pulse
oximeter recordings. Measurements from
children were not recorded if there was an
inadequate pulse oximetry waveform, SpO,
measurements were >97%, the patient was
on extracorporeal membrane oxygenation, had
cyanotic congenital heart disease, or was not
on a fully supported mode of ventilation (i.e.,
pressure support or continuous positive air-
way pressure alone). Measurements in which
Sp0, was <80% were gathered but excluded
from analysis. The study was approved by the
institutional review boards at all participating
hospitals with a waiver of written consent.

Study Measurements. Obtaining an ABG
sample was left to the discretion of the pri-
mary care team. SpO, values were documented
at the precise times the ABG samples were
drawn. To ensure accurate results, study per-
sonnel checked the position and cleanliness of
the pulse oximetry sensor. ABG and SpO, pairs
were not recorded on the data collection sheet if
the patient had received endotracheal suction-
ing or position changes in the 10 mins before
the ABG or ventilator changes or invasive pro-
cedures in the 30 mins before measurement.
Practitioners at all participating PICUs titrated
Fio0, to maintain oxygen saturation between
88% and 97%. Three institutions used Nellcor
pulse oximeters (Covidien-Nellcor, Boulder,

CO), and three used Masimo pulse oximeters
(Masimo Corporation, Irvine, CA).

On enrollment in the study, we collected di-
agnosis, age, race, gender, and weight for each
patient. With each eligible ABG, we recorded
data regarding pulse oximetry, the results of
the ABG, the degree of ventilator support, cap-
illary refill in the extremity where the pulse
oximeter probe was located, end-tidal CO2,
temperature, and hemoglobin. Hemoglobin
values were recorded from laboratory samples
and, if unavailable, were recorded from the
blood gas. We reviewed the most recent chest
radiograph (before the ABG) for the presence
of bilateral pulmonary infiltrates and number
of quadrants of alveolar consolidation.

Analysis. The primary objective was to de-
termine the association between OSI and OI.
Secondary objectives included the strength
of association between SF ratio and PF ra-
tio as well as the derivation of a noninvasive
counterpart for the pediatric modification of
the Murray lung injury score (NLIS) (15, 16).
Analytic methods are primarily described in
relation to OSI and OI. Methods were nearly
identical for the relationship between SF and
PF. Methods for NLIS are described at the end
of this section. Statistical analysis was per-
formed in Statistica version 9 (Statsoft, Tulsa,
OK) and Stata version 10 (StatCorp, College
Station, TX).

Derivation Data Set. The data set was di-
vided into derivation and validation groups
through computer-generated random number
assignment with a 60%:40% split. Descriptive
statistics and two-way scatterplots charac-
terized the relationship between OI and OSI.
Given repeated measurements per patient, we
used linear mixed modeling to derive a predic-
tive equation for the relationship between OSI
and OI to control for patient-specific cluster-
ing. Patient number was introduced as the
random effect in the model with OI as the
fixed effect. To evaluate the benefit of adding
the fixed effects to the random effects model
alone, we report Akaike Information Criteria,
Schwarz’ Bayesian criterion, and log likeli-
hood. Lower values of Akaike Information
Criteria and Schwarz’ Bayesian criterion indi-
cate better fit and model parsimony.

Based on the derived regression equation,
we determined OSI values that correspond to
clinically important OI values (6, 13, 20, and
40). We calculated the sensitivity, specificity,
false-positive rate, false-negative rate, and posi-
tive and negative likelihood ratios of the OSI
cutoffs against the gold standard OI cutoffs.
Area under the receiver operating characteristic
plots evaluated the discrimination ability of OSI
on each of the clinically important OI cutoffs.

Validation Data Set. We used the valida-
tion dataset for two purposes. First, we used
the validation data set to generate predictive
equations and corresponding cutoff values for
the relationship between OI and OSI to dem-
onstrate reproducibility between validation
and derivation data sets. Second we sought to
apply the predicted cutoffs for OSI from the
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Table 1. Descriptive statistics for individual observations (blood gas and pulse oximetry pairs)

stratified by derivation and validation data sets

All Derivation Validation
(n = 1190) (n=721) (n = 469)
SpO,, % 95 (92-96) 94 (92-96) 95 (92-96)
Pa0,, mm Hg 70 (61-83) 70 (62-84) 69 (61-82)
Paco,, mm Hg 54 (45-67) 53 (45-66) 55 (45-68)
pH 7.40 (7.33-7.45) 7.40 (7.33-7.45) 7.40 (7.32-7.45)
Fio, 0. 56 (0.40-0.65) 0. 56 (0.40-0.65)  0.55 (0.40-0.65)
Mean airway pressure, cm H,0, all modes 18 (13-24) 18 (13-24) 18 (13-24)
Temperature, °C 37 0 (3.7.0-37.0) 37 0(37.0-38.0) 37.0 (37.0-38.0)
Hemoglobin, g/dL 11 (10-13) 12 (10-13) 11 (10-13)
Capillary refill, secs <2 (<2-3) <2 (<2-3) <2 (<2-3)
Bilateral infiltrates, no. (%) 825 (69.3) 495 (68 7) 330 (70.4)
Quadrants of consolidation (2-4) 4 (2-4 4 (2-4)
Conventional ventilation n = 916) (n= 572) (n = 344)
Positive end-expiratory pressure, cm H,0 (5-10) 8 (5-10) 8 (5-10)
Tidal volume, mL/kg (7-11) 8 (7-11) 8 (7-11)
Peak inspiratory pressure, cm H,0 29 (25-35) 29 (25-35) 30 (25-36)
Pressure support, cm H,0 10 (5-12) O (5-12) 10 (5-13)
Ventilator rate, breaths/min 20 (15-24) 20 (16-24) 20 (15-24)
Dynamic compliance of the respiratory 0.40 (0.31-0.57) 0.40 (0.32-0.58)  0.40 (0.31-0.55)
system, mL/cm H,0/kg
High-frequency oscillatory ventilation (n =274) (n = 149) (n = 125)
Mean airway pressure, cm H,0 30 (26-34) 30 (25-33) 30 (26-34)
Hertz 8 (6-9) 8 (6-9) 8 (6-10)
Amplitude 58 (48-65) 58 (46-62) 57 (50-70)
Oxygenation index 13.4 (7.4-23.4) 13.4 (7.3-22.6) 13.3 (7.4-24.8)
Oxygen saturation index 10.2 (5.9-17.4) 10.3 (6.0-17.2) 10.1 (5.9-18.0)
Pa0,/Fio, 133 (93-187) 133 (95-192) 133 (92-176)
SpO,/Fio, 164 (139-233) 164 (140-233) 162 (139-233)
Lung injury score .0 (2.0-3.5) 3.0 (2.0-3.5) 3.0 (2.25-3.5)
Noninvasive lung injury score .0 (2.0-3.5) 2.75 (2.0-3.5) 3.0 (2.0-3.5)

Data presented as median (interquartile range) or count (percentage).

derivation data set to the validation data set
to determine the calibration of the model. We
classified each observation in the validation
data set as falling above or below each OSI cut-
off from the derivation data set. We calculated
the sensitivity, specificity, false-positive rate,
false-negative rate, and positive and negative
likelihood ratios of the OSI cutoffs from the
derivation data set against the gold standard
OI cutoffs.

Sensitivity Analysis. We performed sensitiv-
ity analyses to evaluate if the way we split our
data sets (60%/40%) introduced bias into our
group assignment. We randomly divided the
entire data set into five different split samples
(50%/50%, 60%/40%, 70%/30%, 80%/20%,
909%/10%) and repeated our analysis. We cre-
ated linear mixed models as described previ-
ously and compared corresponding cutoffs for
OSI for each of the split derivation and valida-
tion data sets.

SF Ratio. We analyzed the secondary out-
come evaluating the relationship between SF
ratio and PF ratio in a similar fashion as OSI
and OI. We transformed data (1/PF and 1/SF) to
satisfy assumptions of normality and improve
model fit. We attempted other transformations
(square root and other polynomials), but they
were not superior to 1/PF and 1/SF.

Multivariate Analysis. We used multivariate
regression using linear mixed modeling to de-
termine whether other elements of ventilator
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support, race, age, temperature, pH, capillary
refill, or hemoglobin confounded or modified
the relationship between OSI and OI. All vari-
ables had biological plausibility for modifying
or confounding the relationship between PaO,
and SpO,. We considered variables for model
inclusion if they had a univariate relation-
ship (p < .2) with either OSI or OI (or SF and
PF). We kept variables in the final multivari-
ate model if they confounded the relationship
between OSI and OI or SF and PF by changing
the parameter estimates by at least 20% or if
they remained statistically significantly associ-
ated with the outcome variable after control-
ling for other factors. To evaluate the benefit of
adding additional variables to the multivariate
models, we again report Akaike Information
Criteria, Schwarz’ Bayesian criterion, and log
likelihood. We examined statistical signifi-
cance of improvement in model fit by using a
chi-squared test on the difference between log
likelihood in the two models (21).

Noninvasive Lung Injury Score. For the
development of the NLIS, we generated SF
cutoff values from the derivation data set cor-
responding to PF breakpoints in the lung in-
jury score (300, 225, 175, 100). These SF cut
points were combined with the other elements
of the lung injury score to create a NLIS. We
used the entire data set and evaluated for bias
using Bland-Altman plots controlling for mul-
tiple observations per patient (22).

RESULTS

There were 1207 simultaneous ABG,
pulse oximetry, and ventilator settings
recorded. We excluded 17 observations
in which the SpO, <80%, leaving 1190
values from 137 patients for analysis.
The observations were randomly divided
(60%/40%) into derivation (n = 721) and
validation (n = 469) data sets. Nearly all
observations met oxygenation criteria for
ALI (95.0%), and close to 80% met oxy-
genation criteria for ARDS. The median
PF ratio was 133 with a median OI of
13.4. Bilateral infiltrates were present in
69% of chest radiographs with a median
of four quadrants of alveolar consolida-
tion. These findings were nearly identical
in derivation and validation sets (Table
1). Clinicians most commonly used pres-
sure-regulated volume control (42.7%)
followed by pressure control (29.7%)
and high-frequency oscillatory ventila-
tion (23.5%). Volume control was used
very infrequently (4%). The median age
of patients was 3 yrs (interquartile range,
0.42-11.2) with 61.3% being male, 51%
white, 30% Latino, 10.2% black, 2.9%
Asian, and 5.9% other.

Derivation Data Set. OSI had a strong
linear association with OI (Fig. 1A) given
by the regression equation OSI = 2.76
+ 0.547*01. Clinically important cut-
off values for OI (6, 13, 20, and 40) had
predictable corresponding values of OSI
with narrow confidence intervals (Table
2). The predicted OSI values (6.0, 9.9,
13.7, 24.7) generated positive likelihood
ratios that were all >7 and negative like-
lihood ratios that were all <0.2, indicat-
ing OSI values have a moderate to large
impact on ruling in whether the patient
is above the given OI cutoff (Table 3).
The overall ability of OSI to discriminate
clinically important cutoff values for OI
was outstanding (23) with area under the
receiver operating characteristic curve
plots all >0.95 (Table 3).

The relationship between SF ratio
and PF ratio was best expressed using 1/
SF ratio and 1/PF ratio (Fig. 1B). The lin-
ear relationship was strong given by the
regression equation 1/SF = 0.00232 +
0.443/PF. The ARDS PF value of 200 cor-
responds to an SF value of 221 (95% con-
fidence interval 215-226) and the ALI PF
value of 300 to an SF value of 264 (95%
confidence interval 259-269) (Table 2).
The SF ALI value of 264 had 91% sensitiv-
ity and 53% specificity in detecting cases
in which the PF ratio was <300 and the
SF ARDS value of 221 had 88% sensitivity
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A Scatterplot of OSI by Ol

08l = 2.76 +0.547*0I; 95% CI

osl

B Scatterplot of 1/SF by 1/PF
1/SF = 0.00232 + 0.443/PF; 95% CI

0.018

0.000
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018 0020 0.022 0.024
1IPF

Figure 1. Scatterplot oxygen saturation index (OSI) vs. oxygenation index (OI) (top, A) and of 1/SpO,/
Fio, (SF) ratio vs. 1/Pa0,/Fio, (PF') ratio (boffom, B). Note the strong linear fit across the entire range

of values. CI, confidence interval.

and 78% specificity in detecting cases in
which the PF ratio was <200 (Table 3).
The SF negative likelihood ratios for oxy-
genation criteria for ALI and ARDS were
both <0.2 and positive likelihood ratios
for oxygenation criteria for ALI and ARDS
were 1.93 and 4.0, respectively (Table 3).
Overall SF ratio had excellent (23) dis-
crimination ability for PF values of 200
(area under the receiver operating char-
acteristic curve 0.90) and 300 (area un-
der the receiver operating characteristic
curve 0.82) (Table 3).

Validation Data Set. The regression
equation, OSI cutoffs (Table 2), and dis-
crimination ability (Table 3) of OSI on
OI cut points from the predictive model
generated from the validation data set
were nearly identical to the derivation
data set. When the predicted OSI values
from the derivation data set were applied
to the validation data set, there was nearly
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identical sensitivity, specificity, and posi-
tive and negative likelihood ratios as the
derivation data set (Table 3).

The regression equation, SF values for
oxygenation criteria for ALI and ARDS
(Table 2), and discrimination ability (Table
3) of SF on PF ratios of 200 and 300 from
the validation data set were similar to
the derivation data set. The SF ALI value
of 264 and ARDS value of 221 from the
derivation data set had similar sensitivity,
specificity, and positive and negative like-
lihood ratios when applied to the valida-
tion data set (Table 3).

We performed sensitivity analysis using
five different randomly generated split der-
ivation/validation samples. Parameter esti-
mates for OSI corresponding to clinically
relevant values of OI and parameter esti-
mates for SF corresponding to PF ratios of
200 and 300 were nearly identical in all five
iterations of derivation/validation data sets

(analysis not shown). This demonstrates
that the generated cutoff values for OSI and
SF ratio are not substantially influenced by
the size of derivation/validation samples.
Multivariate Modeling. Multivariate
models on the derivation data set using
linear mixed models with patient number
as the random effect demonstrated that OI,
serum pH, and Paco, were associated with
OSI (p < .05); and 1/PF ratio, Paw, pH,
and Paco, were associated with 1/SF ratio
(p < .05) (see Table ESM 1 [Supplemental
Digital Content 1, http:/links.lww.com/
CCM/A3641]). A 0.10 fall in pH was associ-
ated with an increase of OSI by 0.4 and a
20-mm Hg rise in Paco, with an increase
of OSI by 1.1. A 0.10 fall in pH was asso-
ciated with a decrease of SF by 7.0 and a
20-mm Hg rise in Paco, with a decrease
of SF by 6.6. A 5-point rise in Paw was as-
sociated with a decrease of SF by 9.9. The
iterative addition of these covariates to the
random effects model demonstrated sig-
nificant improvements in model fit with
reductions in Akaike Information Criteria
and Schwarz’ Bayesian criterion (see Table
ESM 2 [Supplemental Digital Content 1,
http://links.lww.com/CCM/A364 ]). Because
of the possible effects of fetal hemoglobin,
we modeled age three ways: as a continu-
ous variable, stratified according to neona-
tal age (=1 month), or possible persistence
of fetal hemoglobin (=6 months). None
of these age categories were significant
in the previous multivariate models (p >
.2). Capillary refill on the extremity where
the pulse oximeter was located, weight,
temperature, hemoglobin, gender, race,
and quadrants of alveolar consolidation on
chest radiograph were also not significant-
ly associated with OSI or 1/SF (p > .1).
NLIS Derivation. We used the gen-
erated predictive equation for 1/SF ra-
tio from 1/PF ratio from the derivation
data set to determine SF cutoff points
for the four ranges of Lung injury in
the modified Murray lung injury score.
Computation of the scores is detailed
in Table 4. For the entire data set, over-
all the concordance was excellent with
a median difference between NLIS and
Murray lung injury score of 0 (inter-
quartile range, —0.25 to 0) and a mean
of —0.0361 *= 0.264 sp. Given repeated
measures per patient, Bland-Altman
analysis controlling for both between-
subject and within-subject variance (Fig.
2) demonstrated that 1119 of 1190 ob-
servations (94%) fall within the generat-
ed 95% confidence interval of —0.55 to
0.48. However, 69 of the 71 observations

Crit Care Med 2012 Vol. 40, No. 4



Table 2. Derived regression equations from the derivation and validation datasets from the mixed

model®
Derivation Set
Equation OSI = 2.76 + 0.547*01

0l 0OSI (95%CI) OSI (99% CI)
=6 0(5.9-6.2) 0(5.9-6.2)
=13 (96 10.2) (95 10.2)
=20 13 7 (13.3-14.1) 13 7 (13.2-14.3)
=40 24.7 (23.8-25.5) 24.7 (23.5-25.8)

Equation 1/SF = 0.00232 + 0.443/PF

PF SF (95% CI) SF (99% CI)
=200 221 (215-226) 221 (214 228)
=300 264 (259-269) 264 (257-270)

Validation Set
Equation OSI = 2.55 + 0.570*0I

01 0SI (95% CI) 0OSI (99% CI)
=6 0(5.8-6.1) 0(5.8-6.2)
=13 100(97 10.3) 100(96 10.4)
=20 14.0 (13.5-14.4) 14.0 (13.3-14.6)
=40 25.4 (24.4-26.3) 25.4 (24.1-26.6)

Equation 1/SF = 0.00226 + 0.461/PF

PF SF (95% CI) SF (99% CI)
=200 219 (213-226) 219 (211-228)
=300 263 (257-270) 263 (255-272)

OSI, oxygen saturation index; OI, oxygenation index; CI, confidence interval; SF, SpO,/Fio,; PF, PaO,/

Fio,

20

?To the right are the corresponding OSI and SF values for clinically relevant OI and PF values with

both 95% and 99% CI.

that fell outside of this range were above
theupper confidence interval. Graphically,
it appears as if there is similar variability
across all values of lung injury score.

DISCUSSION

This study demonstrates that in chil-
dren with acute hypoxemic respiratory
failure, lung injury severity markers that
use SpO, are adequate surrogate markers
for those that use PaO, as long as SpO,
is between 80% and 97%. Given the now
routine use of pulse oximetry in nearly
all intensive care units, and the more in-
frequent use of arterial lines in children,
noninvasive oxygenation criteria should
be strongly considered to characterize
patient risk and as enrollment criteria
for clinical trials in children when a PaO,
is unavailable.

The ALI and ARDS SF cutoff values of
264 and 221, respectively, in this study
are similar to previously reported values

Crit Care Med 2012 Vol. 40, No. 4

in children (18, 19) but lower than those
reported in adult studies (17, 24). The
potential reasons are multiple. Higher
values of SpO, approach the nonlinear
portion of the oxyhemoglobin dissocia-
tion curve. Although these effects were
minimized by transforming the data,
close to 40% of SpO, values were 96% or
97%. The model fit improves slightly if
SpO, is 80% to 95% (analysis not shown)
with slightly higher SF cutoffs (275
and 226). However, it was difficult to
convince providers to maintain oxygen
saturations =97% consistently and will
be even more difficult to target satura-
tions =95%. Nonetheless, it is clear that
the accuracy of these measurements can
be improved by targeting Fio, to achieve
SpO, between 88% and 95%. This goal
may also help minimize the potential ef-
fects of oxygen toxicity (25).

Although fetal hemoglobin can persist
for the first 3—6 months of life, age was
not significant in any of the multivariate

models, and when restricted to children
<6 months, parameter estimates of SF
ratio for oxygenation criteria for ALI and
ARDS were nearly identical to the en-
tire population. It does not appear that
fetal hemoglobin explains the lower SF
cutoff values seen in children; in fact,
fetal hemoglobin should shift the oxyhe-
moglobin dissociation curve to the left,
yielding a relatively higher SF ratio for a
given PF ratio.

The relationship between  SpO,
and PaO, can be altered by pH, Paco,,
temperature, and concentration of
2,3-diphosphoglycerate. The multivari-
ate models demonstrate that pH, Paco,,
and Paw have an effect on the relation-
ship between Sp0O, and Pa0,. Children in
this study had similar average pH, lower
PF ratios, slightly lower positive end-
expiratory pressure (for conventional
ventilation), and higher Paco, (54 mm
Hg vs. 41 mm Hg) compared with adults
in the study by Rice et al (17). Accepting
the frequent use of high-frequency os-
cillatory ventilation, we accounted for
ventilator effect using Paw rather than
positive end-expiratory pressure (17, 24).
From our multivariate model, a 5-point
increase in Paw results in a 10-point fall
in SF ratio. The reason why higher Paw
is associated with a lower SF ratio for a
given PF ratio is not entirely clear but
was also seen in the study by Rice (with
positive end-expiratory pressure) (17).
This may be secondary to cardiopulmo-
nary interactions with higher degrees of
ventilator support. The higher Paco, not-
ed in this study compared with the adult
study would correspond to a negligible
4-point decrease in the SF cutoff val-
ues for oxygenation criteria for ALI and
ARDS assuming that Paw is unchanged.
Unfortunately, levels of 2,3-diphospho-
glycerate were not measured. Although
the effects of pH and Paco, were statisti-
cally significant in the model predicting
OS], the parameter estimates were small
and their impact on clinical practice is
likely insignificant. This further supports
the notion that some measure of ventila-
tor support (like in OI, OSI, lung injury
score, NLIS) should be included in lung
disease severity markers, because the de-
gree of ventilator support appears to af-
fect the relationship between SF and PF
ratio for both children and adults with
lung injury.

Furthermore, our cohort of children
had acute hypoxemic respiratory failure,
not necessarily ALIL Just over two-thirds
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Table 3. Discrimination ability of the SpO,/F[scaplio[r], ratio against PaO,/F[scaplio[r], criteria for
acute lung injury and acute respiratory distress syndrome as well as the discrimination of oxygen
saturation index against clinically significant oxygenation index values from the derivation and

validation data sets?

Derivation Validation®
Oxygenation criteria for acute lung injury (PaO,/Fio, =300)
Area under the receiver operating characteristic curve 0.82 0.93
Sensitivity (true-positive) 0.91 0.92
Specificity (true-negative) 0.53 0.64
False-positive rate 0.47 0.36
False-negative rate 0.09 0.08
Positive likelihood ratio 1.93 2.52
Negative likelihood ratio 0.17 0.13
No. (%) of cases classified correctly 643 (89%) 424 (90%)
Oxygenation criteria for acute respiratory distress syndrome
(PaO,/F10, =200)
Area under the receiver operating characteristic curve 0.90 0.92
Sensitivity (true-positive) 0.88 0.89
Specificity (true-negative) 0.78 0.80
False-positive rate 0.22 0.20
False-negative rate 0.12 0.11
Positive likelihood ratio 4.00 4.40
Negative likelihood ratio 0.16 0.14
No. (%) of cases classified correctly 618 (86%) 408 (87%)
Oxygenation index =6
Area under the receiver operating characteristic curve 0.96 0.97
Sensitivity (true-positive) 0.87 0.91
Specificity (true-negative) 0.92 0.95
False-positive rate 0.08 0.05
False-negative rate 0.13 0.09
Positive likelihood ratio 10.40 17.4
Negative likelihood ratio 0.15 0.10
No. (%) of cases classified correctly 631 (88%) 428 (91%)
Oxygenation index =13
Area under the receiver operating characteristic curve 0.97 0.98
Sensitivity (true-positive) 0.92 0.94
Specificity (true-negative) 0.91 0.91
False-positive rate 0.09 0.09
False-negative rate 0.08 0.06
Positive likelihood ratio 9.74 10.93
Negative likelihood ratio 0.09 0.06
No. (%) of cases classified correctly 658 (91%) 436 (93%)
Oxygenation index =20
Area under the receiver operating characteristic curve 0.98 0.97
Sensitivity (true-positive) 0.94 0.96
Specificity (true-negative) 0.89 0.88
False-positive rate 0.11 0.12
False-negative rate 0.06 0.05
Positive likelihood ratio 8.40 7.64
Negative likelihood ratio 0.06 0.05
No. (%) of cases classified correctly 652 (90%) 423 (90%)
Oxygenation index =40
Area under the receiver operating characteristic curve 0.99 0.98
Sensitivity (true-positive) 0.88 0.88
Specificity (true-negative) 0.97 0.95
False-positive rate 0.03 0.05
False-negative rate 0.12 0.12
Positive likelihood ratio 29.85 17.88
Negative likelihood ratio 0.13 0.13

No. (%) of cases classified correctly

696 (97%)

443 (94%)

“Data presented as area under the receiver operating characteristic curve plots. These values are
generated from separate predictive models in each data set. Sensitivity, specificity, false-positive rate,
false-negative rate, positive and negative likelihood ratios, and number and percent of correctly classified
cases using the derived SpO,/Fio, ratio equivalents for acute lung injury (264) and acute respiratory
distress syndrome (221) from the derivation data set against the PaO,/Fo, criteria for acute lung injury
(300) and acute respiratory distress syndrome (200) applied to both derivation and validation data sets.
Sensitivity, specificity, false-positive rate, false-negative rate, positive and negative likelihood ratios, and
number and percent of correctly classified cases using the derived oxygen saturation index equivalents
(6.0, 9.9, 13.7, 24.7) for clinically important oxygenation index cutoffs from the derivation data set
applied to both derivation and validation data sets; *cutoff values generated from the derivation data set

applied to the validation data set.
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of observations (blood gas/pulse oxim-
etry pairs) had a corresponding chest
radiograph that demonstrated bilateral
pulmonary infiltrates, and we did not
specifically track left ventricular dysfunc-
tion. Therefore, a true estimate of the
prevalence of ALI/ARDS is not possible
from our data but was not an objective.
In contrast, all patients in the Rice study
met all four ALI criteria. Although there
may be unmeasured variables that alter
the relationship between SF and PF ra-
tios seen only in patients with all four
ALI criteria, this is unlikely because chest
radiograph findings were not significant
in our multivariate model. Furthermore,
a subsequent study in adults without ALI
has also demonstrated SF cutoff values for
PF ratios of 200 and 300, which are higher
(24) than our reported values in children.

The specificity of SF criteria for PF ra-
tios of 300 was low (53%), which may lead
some to conclude that it may not be a use-
ful surrogate for PF ratio. However, it is
important to remember that measures of
sensitivity and specificity are dependent
on the underlying prevalence of disease, a
concept that is highly relevant to our co-
hort given than only 5% of our subjects
did not meet oxygenation criteria for ALI.
Likelihood ratios, on the other hand,
generate a clinically interpretable post-
test probability that the patient actually
has the disease, wherein a likelihood ratio
>1 suggests the test result is associated
with disease and a likelihood ratio (LR)
<1 suggests the test result is associated
with absence of disease. In our popula-
tion, the prevalence of oxygenation crite-
ria for ALI was very high (approximately
95%). With the positive LR of 2, the post-
test probability that a patient will have a
PF ratio <300 if their SF ratio <264 is
97.5%. The negative LR of 0.17 yields a
posttest probability of 76%. The preva-
lence of oxygenation criteria for ARDS
was approximately 80%, and the positive
LR of 4 yields a posttest probability of
94%, and the negative LR of 0.16 yields
a posttest probability of 39%. Therefore,
in this population, patients who have SF
ratios <264 or <221 have a very high
probability of meeting PF criteria for ALI
or ARDS, respectively. However, an SF ra-
tio >221 or 264 does not reliably rule out
the presence of oxygenation criteria for
ARDS or ALI, respectively.

When generalizing these results to
other populations, it is important to re-
member that SF criteria should only
be used for mechanically ventilated pa-
tients with SpO, between 80% and 97%.
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Table 4. Original pediatric modified lung injury score, and the newly derived noninvasive equivalent

substituting SpO,/Fio, ratio for PaO,/Fio, ratio®

Score
0 1 2 3 4
Modified pediatric lung injury score
Quadrants of consolidation 0 1 2 3 4
Pa0,/Fio, ratio =300 225-300 175-225 100-175 <100
Positive end-expiratory pressure, cm H,0 =4 5-6 7-8 9-11 =12

Dynamic compliance of the respiratory system,

>0.85 0.75-0.85 0.55-0.74 0.30-0.54 <0.3

mL/cm H,0/kg
Modified pediatric noninvasive lung injury score
Quadrants of consolidation 0 1 2 3 4
SpO,/Fio, ratio =264 233-264 206-233 148-206 =148
Positive end-expiratory pressure, cm H,0 =4 5-6 7-8 9-11 =12
Dynamic compliance of the respiratory system, >0.85 0.75-0.85 0.55-0.74 0.30-0.54 <0.3
mL/cm H,0/kg

All four elements are scored 0—4, and the average of the four components is taken to generate the
score. If an element is missing (e.g., compliance, positive end-expiratory pressure for high-frequency
oscillatory ventilation), then the average of available components is taken.

Bland-Altman Plot of NLIS and LIS
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Figure 2. Bland-Altman plot of lung injury score (LIS) and the noninvasive LIS (NVLIS) adjusted for
repeated measurements. The y-axis subtracts the LIS from the NLIS, and the x-axis is the average of
the two scores. The size of each point on the graph represents a range in number of observations cor-
responding to the scale to the right of the graph. The solid line is the mean difference with the dotfed
lines representing the 95% confidence interval of the mean differences. There appears to be no signifi-
cant systematic bias with the mean difference between the LIS and the NLIS very close to zero. There
appears to be equal variability across the entire range of average scores indicating no proportional error.
There are more values which fall above the upper 95% confidence interval than below the lower 95%
confidence interval, indicating that although there is no systematic error, NLIS may be more likely to
overestimate LIS than underestimate LIS.

These populations will likely be similar to
our study cohort with a high prevalence
of patients who will also have PF ratios
<300. Furthermore, if F1o, can be weaned
to target SpO, between 88% and 95%, then
not only will the potential accuracy of the
SF ratio increase, but the prevalence of
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patients meeting oxygenation criteria for
ALI will remain high. This enhances the
use of the SF ratio to accurately rule in
oxygenation criteria for ALI or ARDS, fa-
cilitating its use as inclusion criteria for
clinical trials because one will be very
confident (97.5%, assuming the same

prevalence) that the patient would meet
PF criteria for ALI or ARDS if they meet
SF criteria.

OSI values that correspond to OI values
that have been used in clinical trials (=6,
=13) have excellent positive and negative
LRs. Therefore, if a patient meets certain
OSI criteria, they have a very high like-
lihood of meeting the corresponding OI
criteria. The OSI value of 9.9 correspond-
ing to the OI value of 13 has a positive LR
close to 10 and negative LR <0.1, lend-
ing its use to studies involving therapies
targeting patients with more significant
lung disease, as previously used in the
calfactant trial (4).

We have also derived, for the first time,
a noninvasive version of the Murray lung
injury score, which has previously been
modified for pediatrics (16). The derived
score is nearly identical to the invasive
score across all ranges of lung disease
severity. The SF-derived scores for NLIS
may have more variability when SF ra-
tios grade higher lung disease severity
than PF ratios (as seen by the number of
observations above the 95% CI), but this
difference is small and likely clinically
insignificant. Because the lung injury
score is a composite measure of lung
disease severity, it may be a more robust
metric to stratify risk for clinical trials
and quality improvement. Validating a
noninvasive version of the score will al-
low it to be applied to a broader range of
patients.

Although we have demonstrated that
SF criteria can substitute for PF criteria
to aid in the diagnosis of ALI or ARDS, it
is also clear that this relationship is con-
founded by degree of ventilator support.
Given the less frequent use of arterial
lines, the somewhat arbitrary nature of
the PF ratio values generated from the
consensus guidelines, the inconsistent
relationship between PF ratio and out-
come for both adults and children with
lung injury, and the impact of ventilator
support on the relationship between PF
and SF ratios, perhaps it is time to recon-
sider the diagnostic criteria for ALI and
ARDS. We have provided two other can-
didate lung injury severity markers that
are consistent when using either SpO, or
Pa0, (OSI and OI, NLIS and Murray lung
injury score).

There are some limitations to our
study. Although we attempted to gather
information on a multitude of potential
confounding variables, some variables had
no reliable surrogate marker (e.g., 2,3-
diphosphoglycerate), and there may be
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important confounders we did not consid-
er. In addition, although capillary refill was
not a significant confounder in our multi-
variate models, poor perfusion states may
decrease the reliability of pulse oximetry
measurements. We specifically excluded
patients with unreliable tracings, but when
applying these diagnostic criteria in other
situations, it is important to only calculate
these metrics when there is a reliable pulse
oximetry value. Finally, we could not assess
for selection bias because we did not track
eligible but not enrolled patients. However,
given the nature of this study, that likely
has a minimal impact on the results.

CONCLUSIONS

We should strongly consider using
noninvasive markers of oxygenation to
characterize risk, to increase enrollment
in clinical trials, and to gather accurate
epidemiologic data related to pediatric
lung injury. We have provided prospec-
tive validation of three such metrics in
children and support their use in clini-
cal practice and for future investiga-
tions in children with lung injury when
an ABG is not available. SF ratios of 221
and 264 correspond to PF ratios of 200
and 300, and OSI values of 6.0, 9.9, 13.7,
and 24.7 correspond to OI values of 6, 13,
20, and 40, respectively. NLIS scores are
equivalent to their invasive counterpart.
Furthermore, the accuracy of these mea-
surements can be improved if targets of
SpO, are consistently between 88% and
95%), a notion that has been embraced by
our neonatology colleagues to limit oxy-
gen toxicity.
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