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Abstract

Objective: To derive a relationship between the SpO,/FiO, ratio (SF) and Pa0,/FiO, ratio (PF)
across the entire range of SpO, values (0-100%) and to evaluate whether mortality
prediction using the Paediatric Index of Mortality (PIM-3) can be improved by the use of PF
values derived from SF.

Design: Retrospective analysis of prospectively collected data.

Setting: A regional paediatric intensive care (PICU) transport service.

Patients: Children transported to a PICU.

Interventions: None

Measurements and Main Results: The relationship between SF and PF across the entire
range of SpO, values was first studied using several mathematical models in a derivation
cohort (n=1235) and then validated in a separate cohort (n=306). The best SF to PF
relationship was chosen according to the ability to detect respiratory failure (PF<=200). The
discrimination of the original PIM-3 score and a derived PIM-3 score (where SF-derived PF
values were used in place of missing PF values) were compared in a different cohort
(n=1205). The best SF-PF relationship in 1703 SF/PF data pairs was a linear regression
equation of In[PF] regressed on In[SF]. This equation identified children with a PF<=200
with a specificity of 73% and sensitivity of 61% in children with Sp0,<97% (92% and 33%
respectively when Sp0,>=97%) in the validation cohort. PF derived from SF (dPF) was better
at predicting PICU mortality (AUROCC 0.64, 95% Cl 0.55-0.73) compared to the original PF
(AUROCC 0.54, 95% CI 0.49-0.59, p=0.02). However there was no difference in the original
and derived PIM-3 scores and their discriminatory ability for mortality.

Conclusion: Sp0O, based metrics perform no worse than arterial blood gas based metrics in

mortality prediction models. Future PIM score versions may be improved by the inclusion of



risk factors based on oxygen saturation values, especially in settings where PaO, values are

missing in a significant proportion of cases.



Introduction

Respiratory failure is the commonest cause for unplanned intensive care admission in
children in the United Kingdom (UK) (1). The Pa0O,/FiO; (PF) ratio has traditionally been used
as a marker of lung injury — it quantifies the capacity for gas exchange at the alveolar
surface. The PF ratio has a strong relationship with severity of illness and mortality: it is
therefore included as a variable in most adult (2, 3) and paediatric (4-6) severity of illness

scores.

In recent years, however, the ability to monitor haemoglobin oxygen saturations (Sp0O2)
non-invasively and continuously using pulse oximetry has led to a decline in the use of
arterial blood gas analysis to monitor oxygenation status (7). In recognition of this, several
studies have investigated the relationship between PF and the ratio of SpO, to FiO, (SF) (8,
9) in paediatric intensive care unit (PICU) patients. Thresholds based on SF have recently
been proposed as an alternative to PF thresholds in the definition of paediatric acute
respiratory distress syndrome (pARDS) (10). However, these validation studies excluded
SpO, values greater than 97%, given that the oxygen dissociation curve plateaus beyond this
point. Since a large proportion of PICU patients have SpO, values greater than 97% (57% of
children in one study assessing the use of SpO, in the PIM-2 score) (11), SF-derived PF values

cannot currently be calculated for the majority of PICU patients.

Paediatric severity of illness scores such as the Paediatric Index of Mortality (PIM) that rely
on PF for score calculation use different techniques to account for PF values that are missing
— PIM-2 assumes a PF value of 0, while PIM-3 assumes a ‘normal’ PF value of 0.23 (based on

a Pa02 value of 91 mm Hg or 12 kPa when breathing room air) (4, 12). However PF values
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are rarely missing at random in this population — children with available PF values are likely
to have a higher illness severity, as sicker children are more likely to have arterial
cannulation. This introduces potential bias in the calculation of the original PIM-3, leading to
over or under-estimation of mortality. Leteurtre et al tested the use of SF-derived PF
estimates to replace missing PF values during the calculation of the PIM-2 score in their
PICU population: this modified PIM-2 score performed at least as well as the original PIM-2
score in predicting mortality (11). The aims of our study were to: (a) derive a relationship
between SF and PF across all SpO2 values, including over 97%, (b) validate it in a separate
population, and (c) test the predictive value of PIM-3 scores calculated using SF-derived PF
estimates, in a population of children transported into PICU, where the number of missing

PF values is high.

Methods

We conducted a retrospective observational study using data from all children transported
to PICU by a regional transport team (Children’s Acute Transport Service, London, UK)
between April 2011 and October 2014. This service retrieves children requiring intensive
care from over 30 referral hospitals into 4 regional general PICUs and 2 cardiac PICUs.
Clinical practice relating to mechanical ventilation during transport was generally consistent
with the practices of the regional PICUs, including use of lung protective strategies such as

low tidal volume ventilation, use of PEEP and permissive hypercarbia.

The study was registered with the local institutional review board. The need for patient
consent was waived by the Yorkshire and Humber Research Ethics Committee (IRAS

191836). Collection of personally identifiable data by the Paediatric Intensive Care Audit



Network (PICANet) was approved by the NHS Health Research Authority Confidentiality
Advisory Group and ethics approval granted by the Trent Medical Research Ethics

Committee, ref. 05/MRE04/17.

Derivation dataset:

The derivation dataset consisted of PaO,, FiO, and concurrent SpO, values recorded in the
case-notes of children (0-16 years of age), who had arterial blood gas analysis performed
during transport between April 2011 and October 2013 (30 months). We used Pa0O2, Fi0O2
and concurrent Sp0O2 values from all blood gases performed during transport to derive a

relationship between SF and PF; we did not exclude SpO, values >=97%.

Validation dataset:

The validation dataset consisted of Pa0O,, FiO, and concurrent SpO, values recorded in the
case notes of children (0-16 years of age) who had arterial blood gas analysis during
transport between October 2013 and April 2014 (6 months). The best relationship derived in

the derivation cohort was validated in this cohort.

Testing dataset:

The test dataset consisted of PaO, (if available), FiO, and concurrent SpO; values recorded in
the first hour of contact with the PIC transport team (as required by PIM (4)) for all children
transported to PICU between October 2013 and 2014 (12 months). For these patients,
survival status at discharge from PICU, the original PIM-3 scores and the PaO, and FiO,
values (if available) used to calculate the original PIM-3 scores, were obtained from PICANet

(www.picanet.org.uk).



http://www.picanet.org.uk/

Statistical analysis:

Derivation and validation of the relationship between SF and PF: SF and PF ratios were
calculated by dividing SpO, by FiO,, and PaO, (in mmHg) by FiO,, respectively. We
investigated the best relationship between SF and PF among the following multi-level
regression models (patients as levels): (a) linear regression of PF on SF, (b) piecewise linear
regression of PF on SF, allowing different slopes for Sp0,<94, Sp0, 94-97 and Sp0,>=97 to
take into account the shape of the oxygen dissociation curve, (c) fractional polynomial
regression of PF and SF, regressing PF on different combination of powers of SF, again to
take into account the non-linear relationship of the oxygen dissociation curve (d)-(f)
methods a-c were repeated following natural log transformation of SF and PF. The best
model was chosen based on sensitivity analysis for the ability to detect respiratory failure
with a PF<=200, both with Sp0O, <97 and Sp0O, >=97, since identification of respiratory failure
in the latter group is the determinant of mortality risk. This model was validated in the
validation cohort, on the basis of the sensitivity and specificity for detecting PF<=200 mm

Hg.

dPIM3 testing: We calculated a derived PF (dPF) value for children in the test cohort using
the SF-PF relationship derived and validated in the previous steps. We used the dPF value to
calculate a derived PIM-3 score (dPIM-3). If either SpO, or FiO, values were missing the
default value of 0.23 was used for 100/PF (4). Receiver operating characteristic (ROC)
curves were used to test the ability of dPF and PF, and PIM-3 and dPIM-3 values to predict
PICU mortality. Areas under the ROC curves were compared using Delong’s method.

Calibration was tested across deciles of risk using the Hosmer-Lemeshow Goodness of Fit



test. All analysis was carried out using Microsoft Excel (Microsoft Corporation, WA, USA),

Stata v14.1 (StataCorp LP, TX, USA) and R (www.cran.r-project.org).

Results

Derivation of the SF-PF relationship

A total of 2823 were transported in the 30 months period; 1235 children had arterial blood
gas analysis. From these 1235 children, 1703 concurrently recorded Pa0O,, SpO, and FiO,

values were available. The characteristics of this derivation cohort are presented in Table 1.

Figure 1 shows the relationship between SF and PF, before and after log transformation. The
best relationship between PF and SF was obtained from linear regression following log
transformation. The derived equation was
In(PF) = 1.086 x In(SF) + 0.103
Alternatively, PF=1.109 x (SF-%°)

This equation had 70% sensitivity and 73% specificity in identifying children with PF<=200
and Sp0,<97; and 49% sensitivity and 76% specificity in identifying children with PF<=200
and Sp0,>=97%. While other equations, such as those derived using piecewise linear fit,
were more sensitive at identifying children with a PF<=200 for Sp0,<=97%, they had poor
specificity. Also, none of the other equations performed well when Sp0,>=97%, with 0%
sensitivity (i.e. no children with Sp0,>=97% and PF<=200 were identified). The high
specificity suggests a high rule-out value — not all children with dPF<=200 have respiratory

failure but if they have dPF>200 they are unlikely to be have respiratory failure.


http://www.cran.r-project.org/

Validation of the SF-PF relationship

A total of 935 children were transported in the 6 month period (October 2013-April 2014);
306 had arterial blood gas analysis. The derived equation was tested on 425 concurrently
recorded PaO, SpO, and FiO, values from these 306 patients (Table 1). The equation
identified children with PF<=200 with 61% sensitivity and 73% specificity in children with
Sp0,<97%; and 33% sensitivity and 92% specificity in children with Sp0,>=97%. This is
similar in children with respiratory disease within this cohort (Sp0,<97%: sensitivity 58%,

specificity 75%; Sp0,>=97%: sensitivity 30%, specificity 93%).

Testing mortality prediction using the original and derived PIM3 scores

Outcome data were available through PICANET for 897 children out of 966 children
transported to PICU (69 cases could not be matched to a PICU admission by PICANET). Out
of 897 children, 46 died prior to PICU discharge (5.1%). PF data were available for 113/897

(12.6%); in contrast, SF data were available for 819/897 (91.3%) children (Table 2).

Using the derived equation, we calculated dPF in the validation cohort. Figure 2 shows the
ROC curves for (a) the component of the PIM-3 coefficient using PF and dPF (0.4214*100/PF
or 0.4214*0.23 if PF missing) and (b) PIM-3 and dPIM-3 values. While there was a significant
difference in the area under the ROC curve between the PF and dPF (p-value=0.02) with the
latter performing better, there was no significant difference in PIM- and dPIM-3 values (p-
value=0.31). When calibration was tested using the Hosmer-Lemeshow test across deciles of

risk, there was no difference between PIM-3 and dPIM3 scores (data tables in ESM).

Discussion:



In this retrospective observational study, we derived and validated a relationship between
SF and PF using data from a cohort of patients being transported to PICU. Unlike previously
reported relationships, we included all values of SpO,, including >=97%. We found that the
SF-derived PF component of PIM-3 as a single variable predicted mortality better than the
original PF. However, when the SF-derived PF was incorporated within PIM-3, both the

original and the derived PIM-3 scores had similar discrimination.

Our derived relationship between SF and PF is novel in that it includes children with
Sp0,>=97%. Previous derivations in children have excluded children with Sp0,>=97% to
represent only the linear part of the oxygen dissociation curve. However a high proportion
of children in the intensive care have Sp0,>=97% (59% in one study (11)). In our derivation
and validation cohort, 75% of children had Sp0,>=97%; similarly 67% in the testing cohort.
This observation holds true even in children with significant lung disease - we recently
reported that nearly 50% of children with a PF<=300 mm Hg had SpO, values>=97% (14). For
PIM, which applies to a general population, this is important. Although the sensitivity in
children with Sp0,>=97% is poor (49% in derivation and 33% in validation cohorts)
compared to the sensitivity of 68% reported by Khemani et al (8) when values of Sp0,>=97%
were excluded, many of these children may not have arterial gas analysis. Currently PIM-3
would treat children with missing values as having normal pulmonary gas exchange which

has zero sensitivity.

The fact that the PIM-3 value does not change, even when there is a difference in the PF
and dPF values, may be due to the relatively low weight that is placed on the PF component

in the PIM equation. It is possible that if SF ratios were used prospectively to derive the PIM
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equation with better data completeness, then PIM would have greater sensitivity for

hypoxia at PICU admission.

The area under the ROC curve for predicting PICU mortality was 0.64 for dPF as used in PIM-
3. This suggests that although modest, the SF ratio at admission may have some predictive
value in predicting PICU outcome: if this was not the case, then there would be little value in
using SF derived PIM scores. We have previously shown this in a larger cohort of children
(13). The poor performance of PF in predicting mortality is likely due to the large number of
missing values: only 12.6% of our cohort of transported children had PF values (compared to
77.3% in a population admitted post cardiac surgery from a single centre over the same
period). In contrast SF values are available in 91% of the transported children. Therefore the
use of dPIM-3 is likely to be most valuable in such a cohort. The use of SF will preclude the
prediction of any mortality risk from hyperoxia, although PIM-3 currently does not do so

either.

Our study has some limitations. We used data from children undergoing emergency
admission following transport from a local hospital. PIM-3 applies to all children admitted to
PICU, therefore the use of SpO, based equations will need testing across the population.
Oxygen saturation readings are less accurate at the <80-85% range (15) and dependent on
the manufacturer of the probe. Although we currently use the Massimo SET with LNCS
sensor (Massimo, CA, USA), the first SpO, values in children transported from other
hospitals may have been from other monitors. While this may reduce reliability, it makes
our derivation more generalizable. In our derivation set we used multiple concurrent PF and

SF pairs for some patients i.e. not restricted to the first hour of contact with the intensive
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care team. In reality the first point of contact with the intensive care team — the time at
which PIM is calculated — is variable. Our median retrieval time is under two hours, with
almost all retrievals lasting less than four hours. Therefore all the blood gases in the

derivation set would have been within four hours of contact with the intensive care team.

Pulse oximetry has become the more widely used indicator of oxygenation compared to
arterial blood gas analysis in the general PICU population (16). We propose this should be
reflected in predictive and severity scoring. Although PIM-3 acknowledges the impact of
missing PF data better than previous iterations, the use of SF data is the most logical
alternative: it performs no worse than PF, and with new calibration, may well improve
severity of illness scoring. With only 12% of transported patients having PF values and the
tendency towards less invasive monitoring in PICU patients overall, the use of SF in PIM

scoring is likely to be of better discriminatory value.
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Figure 1: The relationship between PaO,/FiO, and SpO,/FiO, before (above) and after
(below) log transformation. PaO; is measured in mm Hg. The line of best fit following log
transformation is given by the following equation:

In(PF) = {1.271 x In(SF)} - 0.864 (black line)

However following multi-level linear regression analysis to account for multiple pairs
from the same patient, the equation is modified to:

In(PF) = {1.086 x In(SF)} + 0.103 (gray dotted line)

Figure 2: Receiver operating characteristic (ROC) curves for (a) the derived and original
PF component and (b) the derived and original PIM-3 scores. The area under the ROC
curve was significantly different for the PF component (DelLong’s p-value=0.02, denoted
*): this is likely to be due to the way missing values are accounted for in PIM-3. However
the area under the ROC curve was not different for the original and derived PIM-3 scores
(DeLong’s p-value=0.31): this is likely a reflection of the relatively small coefficient
assigned to PF in the PIM-3 equation.
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Table 1

Derivation cohort
(April 2011 — October

Validation cohort
(October 2013 — April

2013) 2014)
Total number of children 1235 306
Age, n (%)
0-1 month 272 (22.0) 66 (21.6)
1-6 months 166 (13.4) 65 (21.2)
6-12 months 124 (10.0) 33 (10.8)
1-2 years 163 (13.2) 29 (9.5)
2-5 years 212 (17.2) 45 (14.7)
>5 years 298 (24.1) 68 (22.2)
Diagnostic category, n (%)
Respiratory 486 (39.4) 152 (49.7)
Cardiovascular 146 (11.8) 40 (13.1)
Neurology 245 (19.8) 42 (13.7)
Infection/auto-immune 116 (9.4) 30(9.8)
Other 242 (19.6) 42 (13.7)
Mechanical ventilation, n (%) 1235 (100) 306 (100)

Haemoglobin concentration (g/L),
median (IQR)

109 (95-126)

108 (92-125)

Temperature (°Centigrade),

36.6 (35.7-37.3)

36.8 (36-37.5)

median (IQR)
Number of concurrent PaO2 and 1703 425
Sp02 values
Pa02:FiO2 ratio (%)
<=200 mm Hg 676 (39.7) 181 (42.6)
>200 mm Hg 1027 (60.3) 244 (57.4)
Sp02 (%)
<97% 418 (24.5) 108 (25.4)
>=97% 1285 (75.5) 317 (74.6)

Table 1: Baseline characteristics of children in the derivation and validation cohorts. The
derivation cohort included 1703 concurrent PaO2 and SpO2 samples from 1235 children over
30 months. The validation cohort included 425 concurrent PaO2 and SpO2 samples from 306
children over 6 months. Significantly more children in the validation cohort had respiratory
illnesses (p=0.015 on chi-square test), which is likely as these children were transported over

winter.
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Table 2

dPIM testing cohort
(October 2013 — October 2014)

Total number of children 897
Age, n (%)
0-1 month 201 (22.4)
1-6 months 171 (19.1)
6-12 months 100 (11.1)
1-2 years 103 (11.5)
2-5 years 139 (15.5)
>5 years 183 (20.4)
Diagnostic category, n (%)
Respiratory 336 (37.5)
Cardiovascular 163 (18.1)
Neurology 169 (18.8)
Infection/auto-immune 79 (8.8)
Other 150 (16.7)
Mechanical ventilation, n (%) 737 (82.2)
Sp02
<97% 274 (30.5)
>=97% 603 (67.2)
Missing SpO2 in first hour 20(2.2)

Table 2: Baseline characteristics of dPIM testing cohort. The testing cohort included

897/966 children transported to PICU who had available outcome data.
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Figure 1: The relationship between PaO2/FiOz and
5p02/Fi02 before (above) and after (below) log
transformation.

Pa0:z is measured in mm Hg. The line of best fit
following log transformation is given by the
following equation:

In{PF) = {1.271 x In(SF}} - 0.864 (black line)

However following multi-level linear regression
analysis to account for multiple pairs from the
same patient, the equation is modified to:

In{PF) = {1.086 x In[SF)} + 0.103 (gray dotted line)
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Figure 2: Receiver operating characteristic (ROC) curves for (a) the derived and original PF
component and (b) the derived and original PIM-3 scores. The area under the ROC curve was
significantly different for the PF component (DeLong’s p-value=0.02, denoted *): this is likely to be
due to the way missing values are accounted for in PIM-3. However the area under the ROC curve
was not different for the original and derived PIM-3 scores (DeLong's p-value=0.31): this is likely a
reflection of the relatively small coefficient assigned to PF in the PIM-3 equation.
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