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IMPORTANCE Among critically ill adults, randomized trials have not found oxygenation targets
to affect outcomes overall. Whether the effects of oxygenation targets differ based on an
individual’s characteristics is unknown.

OBJECTIVE To determine whether an individual’s characteristics modify the effect of lower vs
higher peripheral oxygenation-saturation (SpO2) targets on mortality.

DESIGN, SETTING, AND PARTICIPANTS A machine learning model to predict the effect of
treatment with a lower vs higher SpO2 target on mortality for individual patients was derived
in the Pragmatic Investigation of Optimal Oxygen Targets (PILOT) trial and externally
validated in the Intensive Care Unit Randomized Trial Comparing Two Approaches to Oxygen
Therapy (ICU-ROX) trial. Critically ill adults received invasive mechanical ventilation in an
intensive care unit (ICU) in the United States between July 2018 and August 2021 for PILOT
(n = 1682) and in 21 ICUs in Australia and New Zealand between September 2015 and May
2018 for ICU-ROX (n = 965).

EXPOSURES Randomization to a lower vs higher SpO2 target group.

MAIN OUTCOME AND MEASURE 28-Day mortality.

RESULTS In the ICU-ROX validation cohort, the predicted effect of treatment with a lower vs
higher SpO2 target for individual patients ranged from a 27.2% absolute reduction to a 34.4%
absolute increase in 28-day mortality. For example, patients predicted to benefit from a lower
SpO2 target had a higher prevalence of acute brain injury, whereas patients predicted to
benefit from a higher SpO2 target had a higher prevalence of sepsis and abnormally elevated
vital signs. Patients predicted to benefit from a lower SpO2 target experienced lower mortality
when randomized to the lower SpO2 group, whereas patients predicted to benefit from a
higher SpO2 target experienced lower mortality when randomized to the higher SpO2 group
(likelihood ratio test for effect modification P = .02). The use of a SpO2 target predicted to be
best for each patient, instead of the randomized SpO2 target, would have reduced the
absolute overall mortality by 6.4% (95% CI, 1.9%-10.9%).

CONCLUSION AND RELEVANCE Oxygenation targets that are individualized using machine
learning analyses of randomized trials may reduce mortality for critically ill adults.
A prospective trial evaluating the use of individualized oxygenation targets is needed.
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M echanical ventilation involves titrating the fraction
of inspired oxygen to maintain arterial oxygen-
ation, but the oxygenation target that results in the

best outcomes for critically ill adults is unknown. Multiple ran-
domized trials reported similar outcomes for patients allo-
cated to lower oxygenation targets that prioritize avoiding hy-
peroxia or to higher oxygenation targets that prioritize avoiding
hypoxemia.1-7

Randomized trials report the average effect of treatment
on outcomes for the overall trial population. Retrospective
studies and post hoc analyses of randomized trials suggest
that the optimal oxygenation target may differ for patients with
hypoxemic brain injury, traumatic brain injury, shock, or
sepsis.8-13 Such nonrandom variation in the magnitude or di-
rection of treatment effect, referred to as heterogeneity of treat-
ment effect, is not adequately addressed by traditional one-at-
a-time subgroup analyses because each patient has multiple
characteristics that may each influence the effect of the inter-
vention on outcomes.14,15 Data from randomized trials can be
analyzed using machine learning methods to predict individu-
alized treatment effects, defined as the predicted difference in
outcome between 2 treatments for an individual patient based
on his or her unique characteristics.16-19

To test the hypothesis that the effect of peripheral oxy-
genation-saturation (SpO2) targets on mortality would differ
based on individual patient characteristics, this study de-
rived and externally validated predicted individualized treat-
ment effects using 2 temporally and geographically distinct ran-
domized trials of lower vs higher SpO2 targets in critically ill
patients receiving mechanical ventilation.

Methods
Study Population and Outcomes
This secondary analysis used data from 2 randomized trials
(Table 1; eMethods in Supplement 1). The Pragmatic Investi-
gation of Optimal Oxygen Targets (PILOT) was a cluster-
randomized, cluster-crossover trial that compared a lower
SpO2 target (90%; goal range, 88% to 92%), an intermediate
SpO2 target (94%; goal range, 92% to 96%), and a higher SpO2

target (98%; goal range, 96% to 100%) among 2541 patients
receiving mechanical ventilation in the emergency depart-
ment and medical intensive care unit (ICU) at an academic
medical center in the United States between July 1, 2018, and
August 31, 2021.2 Patients in the intermediate SpO2 target
group of the PILOT trial were not included in this study. The
primary outcome of the PILOT trial was the number of days
alive and free of mechanical ventilation (ventilator-free days)
through day 28. The secondary outcome of the PILOT trial
was in-hospital mortality by day 28. Patients in the PILOT
trial who were discharged alive prior to 28 days were pre-
sumed to be alive on day 28.2

The Intensive Care Unit Randomized Trial Comparing
Two Approaches to Oxygen Therapy (ICU-ROX) was a multi-
center, parallel-group, randomized trial that compared
conservative-oxygen therapy vs usual-oxygen therapy
among 965 mechanically ventilated patients in 21 ICUs in

Australia and New Zealand between September 2015 and
May 2018.3 Patients in the conservative-oxygen group
received the lowest fraction of inspired oxygen that main-
tained a SpO2 of more than 90% with an alarm set to sound if
the SpO2 was 96% or higher. Patients in the usual-oxygen
group received oxygen therapy at the discretion of the treat-
ing clinicians targeting SpO2 values between 91% to 100%.
The primary outcome of the ICU-ROX trial was ventilator-
free days through day 28; secondary outcomes included mor-
tality at multiple time points.3

This secondary analysis used deidentified data from
patients randomized to the lower or higher SpO2 target
groups in the PILOT trial and all patients in the ICU-ROX trial.
The primary outcome of the current analysis was 28-day
mortality, a secondary outcome in the original PILOT and
ICU-ROX trials. Both trials were approved by institutional
review boards in the countries in which the trials were con-
ducted. This study was approved with a waiver of informed
consent by the University of Wisconsin Institutional Review
Board (IRB: 2019-1258).

Statistical Analysis
Study Design
This study used an effect-based analysis of heterogeneity of
treatment effect, as described in the effect-modeling
approach from the Predictive Approaches to Treatment
Effect Heterogeneity (PATH) statement.15 The study report
followed the guidelines from the Strengthening the Report-
ing of Observational Studies in Epidemiology (STROBE) state-
ment. The machine learning model for individualized treat-
ment effect was derived in the PILOT derivation cohort and
then externally validated in the ICU-ROX validation cohort.
The PILOT and ICU-ROX trials were temporally distinct
(2018-2021 vs 2015-2018) and geographically distinct (United
States vs Australia and New Zealand).

Analyzing the datasets for each trial separately was
designed to demonstrate the generalizability of the individu-
alized treatment effect predictions beyond the original trial
(see the eMethods in Supplement 1 for details). Within their
respective trials, the higher SpO2 target group of PILOT and
the usual-oxygen group of ICU-ROX were treated as reference
(control) groups and are henceforth referred to as the higher
SpO2 group. The lower SpO2 target group of PILOT and the

Key Points
Question Among critically ill adults, do the effects of peripheral
oxygen-saturation (SpO2) targets on outcomes differ based on
an individual’s characteristics?

Findings A machine learning model derived in one randomized
trial and validated in another found that the predicted effect of
lower vs higher SpO2 targets ranged from a 27% absolute
reduction to a 34% absolute increase in 28-day mortality and
differed significantly based on an individual’s characteristics.

Meaning The effect of oxygen-saturation targets on mortality
varied by patients’ individual characteristics.
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conservative-oxygen group of ICU-ROX were treated as com-
parator (intervention) groups and are henceforth referred to
as the lower SpO2 group. Because the intracluster correlation
in the PILOT trial was only 0.001, no adjustments were made
for the cluster-randomized, cluster-crossover design. The
main analysis reports the effect of randomization to a lower
SpO2 group compared with randomization to a higher SpO2

group on the primary outcome of 28-day mortality for indi-
vidual patients in the ICU-ROX validation cohort.

Predictor Variables
Predictor variables included in the analyses were limited to
baseline variables from the trials collected at the time of en-
rollment, prior to receipt of trial interventions. The following
baseline variables were chosen a priori for inclusion as pre-
dictors in the model: patient demographics (age and sex),
source of admission to the ICU (hospital ward, emergency de-
partment, operating room, or postanesthesia care unit or trans-
fer from another ICU within the study hospital or from an-
other hospital), ICU admitting diagnoses (acute hypoxic brain
injury, acute nonhypoxic brain injury, cardiovascular dis-
ease, respiratory disease, or sepsis), vital signs (heart rate, mean
arterial pressure, respiratory rate, and temperature), serum cre-
atinine levels, receipt of vasopressors or inotropes, time from
mechanical ventilation to randomization, mode of mechani-
cal ventilation (volume-based mode, pressure-based mode,
pressure regulated volume control, or missing or other venti-
lation mode indicator), positive end-expiratory pressure, ar-
terial partial pressure of carbon dioxide (PaCO2), missing indi-
cator for PaCO2, and predicted risk of 28-day mortality (see
eMethods in Supplement 1).

The predicted risk of 28-day mortality was derived in each
trial separately using the nonrespiratory Sequential Organ Fail-
ure Assessment (SOFA) score20 in the PILOT trial and the Acute
Physiology and Chronic Health Evaluation (APACHE) II score21

in the ICU-ROX trial (see eMethods in Supplement 1). The pre-
dicted risk of 28-day mortality was included as a predictor vari-
able in the models because variation in patients’ baseline risk
of the primary outcome across a trial population may contrib-

ute to heterogeneity of treatment effect.22 Diagnoses were
harmonized between the 2 trials using the categories listed in
eMethods in Supplement 1.23 Missing predictor data in the
PILOT and ICU-ROX trials were imputed using bagged trees de-
rived from the PILOT trial (see the eMethods in Supple-
ment 1). Nonmissing baseline predictor variables did not un-
dergo any preprocessing.

Model Derivation
Six machine learning algorithms were evaluated in the PILOT
dataset using 5-fold cross-validation based on the mean out-
of-sample adjusted qini statistic. Only the best performing al-
gorithm, Rboost, was selected for model derivation on the full
PILOT dataset and eventual external validation in the ICU-
ROX validation cohort. Rboost is an XGBoost implementation
of the R-learner. XGBoost is a tree-based nonparametric model
that builds a collection of decision trees with advanced regu-
larization to reduce overfitting.24 The R-Learner framework uses
the Robinson transformation to predict the treatment effect es-
timation as a function of baseline covariates (see the eMethods
in Supplement 1).25,26 Hyperparameters were tuned in the
PILOT derivation cohort using 5-fold cross-validation. To im-
prove stability, 5 Rboost models were constructed in the PILOT
derivation cohort using different seed initialization in sequen-
tial runs (see eMethods of Supplement 1).27

Model Validation
The Rboost models trained in the PILOT derivation cohort were
applied to the ICU-ROX validation cohort. To obtain a value
for the individualized treatment effect (the predicted differ-
ence in 28-day mortality from the use of a lower vs higher SpO2

target) for each patient in the ICU-ROX validation cohort, a
mean was calculated from the 5 individualized treatment ef-
fect values of the iterations of the 5 models.

Patient Characteristics Associated With Predicted Individualized
Treatment Effects
All patients in the ICU-ROX validation cohort were ranked by
their predicted individualized treatment effect and categorized

Table 1. Characteristics of the PILOT and ICU-ROX Trials

Trial characteristics PILOT trial (n = 2541) ICU-ROX trial (n = 965)
Randomization Cluster-randomized, cluster crossover Individual patient, parallel group

Interventions and groups Lower SpO2 target: 90% (range, 88%-92%) Lower SpO2 target: 91%-96%

Intermediate SpO2 target: 94%
(range, 92%-96%)

No intermediate group

Higher SpO2 target: 98% (range, 96%-100%) Higher SpO2 target: 91%-100%

No. of centers 1 21

Location United States Australia and New Zealand

Duration 2018-2021 2015-2018

Location of patient
enrollment

Emergency department or ICU ICU

Time to enrollment At initiation of mechanical ventilation A median of 3 h after initiation
of mechanical ventilation

Primary outcome Ventilator-free days Ventilator-free days

Secondary outcome
of mortality

28-d mortality Mortality at multiple time points

Trial result No between-group difference in outcomes No between-group difference
in outcomes

Abbreviations: ICU-ROX, Intensive
Care Unit Randomized Trial
Comparing Two Approaches to
Oxygen Therapy; PILOT, Pragmatic
Investigation of Optimal Oxygen
Targets; SpO2, peripheral
oxygenation-saturation by pulse
oximetry.
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into 3 equally-sized groups using cutoffs determined in the
ICU-ROX validation cohort (see eMethods in Supplement 1).15

Patients in the lower third of predicted individualized treat-
ment effect were those for whom the model predicted a ben-
efit from a lower SpO2 target. Patients in the middle third
of predicted individualized treatment effect were those
for whom the model predicted the least difference in out-
comes between a lower vs higher SpO2 target. Patients in the
upper third of predicted individualized treatment effect were
those for whom the model predicted a benefit from a higher
SpO2 target.

Patient characteristics and outcomes were compared
between the lower, middle, and upper thirds using Kruskal-
Wallis rank-sum and χ2 tests based on variable distributions.
A variable importance plot was used to evaluate the relative
weights of the baseline patient characteristics used by the
Rboost model. To illustrate the relative influence of each
baseline patient characteristic in predicting the individual-
ized treatment effect, the value of each baseline patient char-
acteristic was sequentially replaced 1 at a time by the median
value from the PILOT derivation cohort while all other base-
line patient characteristics were held constant. For continu-
ous variables, partial dependence plots were used to explore
the effect of each baseline patient characteristic on the aver-
age marginal effect of a lower SpO2 target on 28-day mortal-
ity. See the eMethods in Supplement 1 for further methods
regarding the development of the variable importance plot,
spaghetti plot, individual patient example plots, and partial
dependence plots.

Testing for Effect Modification
To assess whether the predicted effect of treatment on out-
comes for individual patients generated by the model modi-
fied the actual effect of lower vs higher SpO2 targets on out-
comes in the ICU-ROX trial, in a logistic regression model
with the dependent variable of 28-day mortality, a likeli-
hood ratio test evaluated the significance of the interaction
term between the thirds of predicted individualized treat-
ment effect (lower third, model predicted benefit from a
lower SpO2 target; middle third, model did not predict ben-
efit from a lower or higher SpO2 target; and upper third,
model predicted benefit from a higher SpO2 target) and the
randomized trial group assignment. Statistical significance
was indicated by a 2-sided α level of .05.

Outcome Reporting
For patients in the lower, middle, and upper third of pre-
dicted individualized treatment effect in the ICU-ROX trial, the
absolute risk difference in 28-day mortality within the third
was calculated as the difference in the incidence of 28-day mor-
tality for patients randomized to the lower SpO2 group vs pa-
tients randomized to the higher SpO2 group.

Assessing Model Performance
The qini curve, adjusted qini value, and C-for-benefit were used
to quantify the model’s ability to discriminate between pa-
tients likely to benefit from a lower vs a higher SpO2 target.28,29

The qini curve and adjusted qini value represent the positive

gain or “uplift” in 28-day survival that resulted from a pa-
tient being randomized to the lower SpO2 group based on the
ordering of patients by their predicted likelihood to benefit from
a lower SpO2 target. The C-for-benefit assesses model perfor-
mance by giving the probability of concordance between pre-
dicted and observed benefit. An adjusted qini value greater
than 0 and C-for-benefit value greater than 0.5 provides evi-
dence of discrimination that is better than chance. See the
eMethods in Supplement 1 for further details. To quantify
model calibration, the absolute risk difference in 28-day mor-
tality within the lower, middle, and upper third was com-
pared with the average predicted individualized treatment ef-
fect within the corresponding third.

Sensitivity Analyses
In 3 separate post hoc sensitivity analyses, model perfor-
mance was assessed using (1) an alternative definition of sep-
sis in the ICU-ROX trial, (2) exclusion of patients’ baseline risk
of 28-day mortality as a predictor variable, and (3) reversing
the order of the PILOT and ICU-ROX trials for model deriva-
tion and validation.

All analyses were performed using R version 3.6.3 (R Foun-
dation for Statistical Computing).

Results
Patients
Among 1682 patients in the PILOT derivation cohort, 808 pa-
tients were in the lower SpO2 group and 874 patients were in
the higher SpO2 group (eFigure 1 in Supplement 1). Among 965
patients in the ICU-ROX validation cohort, 484 patients were
in the lower SpO2 group and 481 patients were in the higher
SpO2 group. Patients in these temporally and geographically
distinct cohorts differed in their baseline characteristics, re-
ceipt of vasopressor or inotropic support, mode of mechani-
cal ventilation, predicted 28-day mortality risk, and inci-
dence of the primary outcome of 28-day mortality (eTable 1
in Supplement 1).

Predicted Individualized Treatment Effects
Although the original trials demonstrated no statistically sig-
nificant average treatment effect of lower vs higher SpO2 groups
on mortality at any time point, the individualized treatment
effects for the 965 patients in the ICU-ROX validation cohort,
which were predicted by the model derived in the PILOT deri-
vation cohort, ranged from a 27.2% absolute reduction in 28-
day mortality with use of a lower SpO2 target to a 34.4% abso-
lute reduction in mortality with use of a higher SpO2 target
(Figure 1).

Patient Characteristics Associated With Predicted
Individualized Treatment Effects
Mean arterial pressure, heart rate, age, and PaCO2 were the
most important characteristics in the model for predicting
the individualized treatment effects (eFigure 2 in Supple-
ment 1). The relative influence of the 10 most-important
baseline characteristics on patients’ predicted individualized

Research Original Investigation Individualized Treatment Effects of Oxygen Targets in Critically Ill Adults

1198 JAMA April 9, 2024 Volume 331, Number 14 (Reprinted) jama.com

© 2024 American Medical Association. All rights reserved.

Downloaded from jamanetwork.com by University of Michigan user on 04/17/2024

https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2024.2933?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2024.2933
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2024.2933?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2024.2933
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2024.2933?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2024.2933
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2024.2933?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2024.2933
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2024.2933?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2024.2933
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2024.2933?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2024.2933
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2024.2933?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2024.2933
http://www.jama.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2024.2933


Fi
gu

re
1.

Pr
ed

ic
te

d
In

di
vi

du
al

iz
ed

Tr
ea

tm
en

tE
ff

ec
ts

of
Lo

w
er

vs
H

ig
he

rO
xy

ge
n-

Sa
tu

ra
tio

n
Ta

rg
et

so
n

M
or

ta
lit

y

30 102040 0

–1
0

–2
0

–3
0

Treatment effect, %

Ba
se

lin
e 

pr
ed

ic
to

rs
 se

qu
en

tia
lly

 a
dd

ed
 in

 th
e 

m
od

el

Ef
fe

ct
 o

f b
as

el
in

e 
ch

ar
ac

te
ris

tic
s o

n 
pr

ed
ic

te
d 

in
di

vi
du

al
iz

ed
 tr

ea
tm

en
t e

ff
ec

ts
A

Av
er

ag
e

tr
ea

tm
en

t
ef

fe
ct

M
ea

n
ar

te
ria

l
pr

es
su

re

H
ea

rt
 ra

te
Ag

e
Pa

CO
2

Cr
ea

tin
in

e
Re

sp
ira

to
ry

ra
te

Te
m

pe
ra

tu
re

Pr
es

su
re

-
re

gu
la

te
d

vo
lu

m
e

co
nt

ro
l

Po
si

tiv
e 

en
d-

ex
pi

ra
to

ry
pr

es
su

re

Pr
ed

ic
te

d
ris

k 
of

28
-d

m
or

ta
lit

y

Pr
ed

ic
te

d
in

di
vi

du
al

iz
ed

tr
ea

tm
en

t
ef

fe
ct

Fa
vo

rs
hi

gh
er

 S
pO

2
ta

rg
et

Fa
vo

rs
lo

w
er

 S
pO

2
ta

rg
et

Up
pe

r t
hi

rd
M

id
dl

e 
th

ird
Lo

w
er

 th
ird

80

40 30 1020 0

–1
0

–2
0

–3
0

Predicted individualized treatment effect, %

N
o.

 o
f p

at
ie

nt
s

Di
st

rib
ut

io
n 

of
 p

re
di

ct
ed

 in
di

vi
du

al
iz

ed
 tr

ea
tm

en
t e

ff
ec

ts
B

0
10

20
30

40
50

60
70

Up
pe

r t
hi

rd

M
id

dl
e 

th
ird

Lo
w

er
 th

ird

A,
Th

e
y-

ax
is

di
sp

la
ys

th
e

ef
fe

ct
of

tr
ea

tm
en

tw
ith

a
lo

w
er

vs
a

hi
gh

er
pe

rip
he

ra
lo

xy
ge

n-
sa

tu
ra

tio
n

(S
pO

2)
ta

rg
et

on
28

-d
ay

m
or

ta
lit

y
in

th
e

In
te

ns
iv

e
Ca

re
U

ni
tR

an
do

m
iz

ed
Tr

ia
lC

om
pa

rin
g

Tw
o

Ap
pr

oa
ch

es
to

O
xy

ge
n

Th
er

ap
y

(IC
U

-R
O

X)
tr

ia
l.

Fo
r1

0
0

of
th

e
96

5
pa

tie
nt

si
n

th
e

IC
U

-R
O

X
tr

ia
l,

a
co

lo
re

d
lin

e
di

sp
la

ys
ho

w
th

e
tr

ea
tm

en
te

ffe
ct

pr
ed

ic
te

d
fo

rt
ha

tp
at

ie
nt

ch
an

ge
d

fr
om

th
e

av
er

ag
e

tr
ea

tm
en

te
ffe

ct
(p

oi
nt

es
tim

at
e

an
d

95
%

CI
at

th
e

fa
rl

ef
t)

to

th
e

fin
al

pr
ed

ic
te

d
in

di
vi

du
al

iz
ed

tr
ea

tm
en

te
ffe

ct
(p

oi
nt

es
tim

at
e

at
th

e
fa

rr
ig

ht
)w

ith
th

e
se

qu
en

tia
la

dd
iti

on
of

th
e

pa
tie

nt
’s

va
lu

es
fo

rt
he

ea
ch

of
th

e
10

m
os

t-
im

po
rt

an
tb

as
el

in
e

pa
tie

nt
ch

ar
ac

te
ris

tic
s.

B,
D

isp
la

ys
th

e
di

st
rib

ut
io

n
of

pr
ed

ic
te

d
in

di
vi

du
al

iz
ed

tr
ea

tm
en

te
ffe

ct
sf

or
al

l9
65

pa
tie

nt
si

n
th

e
IC

U
-R

O
X

tr
ia

l.

Individualized Treatment Effects of Oxygen Targets in Critically Ill Adults Original Investigation Research

jama.com (Reprinted) JAMA April 9, 2024 Volume 331, Number 14 1199

© 2024 American Medical Association. All rights reserved.

Downloaded from jamanetwork.com by University of Michigan user on 04/17/2024

http://www.jama.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2024.2933


treatment effects is illustrated in Figure 1A. Similarly, eFig-
ure 3 in Supplement 1 shows how the values for each baseline
characteristic together determined the predicted individual-
ized treatment effect for one example patient in each third of
predicted individualized treatment effect. Partial depen-
dence plots for each continuous predictor variable are in
eFigure 4 in Supplement 1.

In the ICU-ROX validation cohort, patients in the lower
third (predicted to benefit from a lower SpO2 target) were
older; were more likely to be male; and had a higher preva-
lence of hypoxic brain injury, nonhypoxic brain injury, and
cardiovascular disease. Patients in the upper third (predicted
to benefit from a higher SpO2 target) were younger; had a
higher prevalence of sepsis and respiratory disease; and had
higher values of baseline heart rate, mean arterial pressure,
respiratory rate, and temperature (Table 2). The separation in
oxygen exposure between patients randomized to the lower
SpO2 group and patients randomized to the higher SpO2

group was similar for patients in the lower, middle, and
upper third of predicted individualized treatment effect
(eTable 2 in Supplement 1).

Outcomes
In a logistic regression analysis of all patients in the ICU-ROX
validation cohort, the patient’s quantile of predicted indi-
vidualized treatment effect (lower, middle, or higher third)
significantly modified the observed effect of randomized
SpO2 group assignment on the incidence of the primary out-
come of 28-day mortality (likelihood ratio test for effect
modification P = .02; Table 3). Among patients in the lower
third of predicted individualized treatment effect (for whom
a lower SpO2 target was predicted to be beneficial), 28-day
mortality was 6.1% lower (95% CI, −4.3% to 16.5%) for those
randomized to the lower SpO2 group than those randomized
to the higher SpO2 group. Among patients in the middle third
of predicted individualized treatment effect (for whom out-
comes were predicted to be similar between lower and higher
SpO2 targets), mortality was similar between those random-
ized to the lower SpO2 group (28.7%) vs the higher SpO2 group
(28.5%). Among patients in the upper third of predicted indi-
vidualized treatment effect (for whom a higher SpO2 target
was predicted to be beneficial), mortality was 13.0% higher
(95% CI, 3.5% to 22.6%) in those randomized to the lower
SpO2 group than those randomized to the higher SpO2 group
(Figure 2). Overall, mortality would have been 6.4% absolute
percentage points lower (95% CI, 1.9% to 10.9%) if all patients
in the ICU-ROX validation cohort had been treated with the
SpO2 target predicted to best for them by the model rather
than the randomly assigned SpO2 group (Table 3).

Model Performance
The uplift in the qini curve demonstrated the gain in 28-day
survival that resulted from patients being randomized to the
lower SpO2 group relative to the ordering of patients by their
predicted likelihood to benefit from a lower SpO2 target (eFig-
ure 5 in Supplement 1).30 The adjusted qini value was 2.27 and
C-for-benefit was 0.55 (bootstrapped 95% CI, 0.50 to 0.60),
consistent with the model’s ability to discriminate treatment

effects better than random chance. The model was well cali-
brated (eFigure 6 in Supplement 1).

Sensitivity Analyses
In the post hoc sensitivity analyses, an alternative definition
of sepsis in the ICU-ROX trial yielded similar results (see
eTable 3 in Supplement 1). The performance of the model
decreased without inclusion of patients’ baseline risk of
28-day mortality as a predictor variable (see eTable 4 in
Supplement 1). In deriving the model in the ICU-ROX trial
and validating in the PILOT trial, Rboost was still the best
performing model and heart rate, age, and creatinine values
remained among the 5 most important variables. However,
model performance decreased, likely due to the smaller
sample size in the ICU-ROX derivation cohort (see eMethods
in Supplement 1).

Discussion
In 2 temporally and geographically distinct randomized
trials, patients’ individual characteristics modified the
effect of lower vs higher SpO2 targets on 28-day mortality.
For example, the use of a lower SpO2 target may decrease
mortality for patients with acute brain injury, whereas use
of a higher SpO2 target may decrease mortality for patients
with sepsis and abnormally elevated vital signs. These find-
ings suggest that the use of SpO2 targets that are individual-
ized using machine learning analyses of randomized trials
may improve outcomes for critically ill adults receiving
mechanical ventilation.

These findings increase the understanding of the effects
of oxygen-saturation targets on clinical outcomes in several
ways. First, the data suggest that heterogeneity in the effect
of treatment with lower vs higher SpO2 targets on mortality ex-
ists and is consistent across 2 temporally and geographically
diverse randomized trials. Such heterogeneity of treatment ef-
fect may partly explain the findings, on average, of no differ-
ence between groups in multiple previous randomized trials
of oxygen-saturation targets. Second, the patient character-
istics and direction of effect modification identified by the
model are consistent with the findings of several previous stud-
ies, including an individual-level patient data meta-analysis
suggesting that patients with hypoxic brain injury may ben-
efit from a lower SpO2 target31 and a secondary analysis of a
trial suggesting that patients with sepsis may benefit from a
higher SpO2 target.10 The findings that patients with higher
blood pressure, heart rate, respiratory rate, and temperature
experienced decreased mortality with a higher SpO2 target sup-
ports prior research that baseline vital signs could inform dif-
ferential treatment effect.32 The selection of continuous pa-
tient characteristics as high variable importance compared with
binary patient characteristics is additionally consistent across
tree-based models like Rboost because continuous variables
provide more levels on which a split can occur. Third, varia-
tion in the baseline risk of the primary outcome across a trial
population may result in heterogeneity of treatment effects,22

and the performance of models decreased in a sensitivity
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Table 2. Baseline Characteristics of Patients in the ICU-ROX Validation Cohort by Predicted Individualized Treatment Effect

Characteristic

No. (%) of participants

P valuea

Lower third: predicted
to benefit from
lower SpO2 target
(n = 322)

Middle third: predicted
to have similar outcomes
with either target
(n = 322)

Upper third: predicted
to benefit from
higher SpO2 target
(n = 321)

Demographics

Age, median (IQR), y 67 (55 to 74) 58 (45 to 68) 57 (49 to 65) <.001

Sex

Female 89 (27.6) 128 (39.8) 140 (43.6) <.001

Male 233 (72.4) 194 (60.2) 181 (56.4) <.001

Source of admission to ICU

Hospital ward 44 (13.7) 58 (18.0) 87 (27.1) <.001

Emergency department 155 (48.1) 120 (37.3) 124 (38.6) .01

Operating room or postanesthesia care unit 101 (31.4) 109 (33.9) 85 (26.5) .12

Transfer from another ICU or another hospital 22 (6.8) 35 (10.9) 25 (7.8) .16

Time from initiation of mechanical ventilation
to enrollment, median (IQR), h

3.6 (1.9 to 5.9) 3.2 (1.6 to 5.7) 2.6 (1.2 to 4.3) <.001

ICU admitting diagnosisb

Cardiovascular disease 94 (29.2) 63 (19.6) 48 (15.0) <.001

Acute nonhypoxic brain injury 90 (28.0) 86 (26.7) 41 (12.8) <.001

Acute hypoxic brain injury 84 (26.1) 46 (14.3) 36 (11.2) <.001

Respiratory disease 25 (7.8) 46 (14.3) 67 (20.9) <.001

Sepsis 20 (6.2) 33 (10.2) 43 (13.4) <.001

Baseline physiologyc

Heart rate, median (IQR), beats/min 80 (66 to 100) 92 (80 to 106) 102 (88 to 122) <.001

>80 160 (49.8) 228 (71.0) 277 (86.3) <.001

Mean arterial pressure, median (IQR), mm Hg 73 (65 to 85) 82 (72 to 93) 82 (75 to 99) <.001

<65 66 (20.6) 17 (5.3) 13 (4.1) <.001

Respiratory rate, median (IQR), breaths/min 16 (14 to 20) 16 (14 to 18) 16 (14 to 20) .02

>20 52 (16.2) 37 (11.5) 55 (17.2) .09

Temperature, median (IQR), °C 36.0 (35.2 to 36.7) 36.3 (35.7 to 36.9) 36.5 (35.7 to 37.0) <.001

<36 148 (46.7) 97 (30.4) 89 (28.4) <.001

36-38 150 (47.3) 201 (63.0) 202 (64.5) <.001

>38 17 (5.4) 18 (5.6) 21 (6.7) .75

Baseline creatinine, median (IQR), mg/dL 1.14 (0.87 to 1.61) 1.04 (0.75 to 1.48) 1.07 (0.75 to 1.65) .01

PaCO2, median (IQR), mm Hgd 44.0 (39.8 to 49.8) 43.00 (38.3 to 49.5) 41.4 (35.0 to 48.4) <.001

Missing PaCO2 indicator 19 (5.9) 19 (5.9) 17 (5.3) .93

Vasopressor or inotropic support 181 (56.2) 182 (56.5) 162 (50.5) .22

Mode of mechanical ventilation

Volume-based modese 220 (68.3) 223 (69.3) 221 (68.8) .97

Pressure-based modese 54 (16.8) 52 (16.1) 84 (26.2) .01

Pressure-regulated volume control 46 (14.3) 47 (14.6) 12 (3.7) <.001

Missing or other ventilation mode indicator 2 (0.6) 0 4 (1.2) .13

PEEP of mechanical ventilation, median (IQR), cm H2O 6.5 (5.0 to 10.0) 6.6 (5.0 to 10.0) 5.0 (5.0 to 10.0) .93

Predicted risk of 28-d mortality, median (IQR), %f 30.8 (25.7 to 43.1) 28.3 (25.7 to 30.8) 28.2 (25.7 to 30.8) <.001

Randomized to the lower SpO2 group 165 (51.2) 164 (50.9) 155 (48.3) .71

Abbreviations: ICU-ROX, Intensive Care Unit Randomized Trial Comparing Two
Approaches to Oxygen Therapy; PaCO2, arterial partial pressure of carbon
dioxide; PEEP, positive end-expiratory pressure; PILOT, Pragmatic Investigation
of Optimal Oxygen Targets; SpO2, peripheral oxygenation-saturation by pulse
oximetry.

SI conversion factor: To convert creatinine from mg/dL to μmol/L, multiply by 88.4.
a Testing for the difference P value were χ2 for categorical variables and

Kruskal-Wallis rank-sum test for continuous variables.
b The conditions that define the composite ICU diagnoses from PILOT and

ICU-ROX variables are listed in the eMethods section of Supplement 1 and
were created under guidance provided by the Australian and New Zealand
Intensive Care Society Adult Patient Database Data Dictionary.23

c Baseline physiological measures are the last value recorded prior to
randomization. Heart rate was missing in 2 patients (0.21%), respiratory rate in
4 (0.41%), mean arterial pressure in 5 (0.52%), temperature in 16 (1.7%),
baseline creatinine in 26 (2.7%), and PaCO2 in 55 (5.7%).

d Normal range, 35 to 45 mm Hg.
e The modes of mechanical ventilation that define the composite of

volume-based and pressure-based modes are eMethods in Supplement 1.
f Predicted risk of 28-day mortality was derived from the Acute Physiology and

Chronic Health Evaluation (APACHE) II score in the ICU-ROX trial. Grouped
increments of the score were correlated with the estimated 28-day mortality
to create a predicted risk of 28-day mortality (eMethods, Supplement 1).
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analysis that did not include patients’ baseline risk of 28-day
mortality as a predictor variable.

A strength of this study is that the model was derived in a
large randomized trial in the United States and externally vali-
dated in a separate large randomized trial in Australia and
New Zealand. This is important because individualized treat-
ment effect models use supervised machine learning algo-
rithms that can overfit the derivation cohort and produce ex-
cessively optimistic results. Prior studies examining predicted
individualized treatment effects in a single randomized trial
did not partition or partitioned the dataset using train-test or
time-series splits.16,17,33-35 The externally validation of mod-
els in a separate randomized trial, as done in this study, rep-
resents the next important step in accurately identifying in-
dividualized treatment effects.

Limitations
This study has many limitations. First, predictor variables and
treatment groups were harmonized between the 2 random-

ized trials to perform model derivation and external valida-
tion. Differences between the trials in design (cluster cross-
over vs parallel group), baseline variables definitions, methods
of data collection, extent of predictor variable missingness, and
the SpO2 ranges targeted could degrade the performance of the
model. Improved harmonization of baseline variables and in-
terventions across trials and collection of more detailed physi-
ological and biological measures could improve the perfor-
mance of individualized treatment-effect models. Second, the
suggested benefit associated with lower SpO2 targets in pa-
tients with acute nonhypoxic brain injury is at variance with
findings of a prior subgroup analysis.8 However, machine learn-
ing models may identify complex interactions among mul-
tiple predictor variables, which may add information beyond
traditional 1-at-a-time subgroup analyses. Third, model per-
formance decreased when deriving a model using the ICU-
ROX trial and validating in the PILOT trial. This was likely due
to the smaller sample size of the ICU-ROX trial compared with
the PILOT trial. Fourth, further prospective validation is

Table 3. Primary Outcome of 28-Day Mortality

Outcome

No. (%) of participants

P value

Lower third: predicted
to benefit from
lower SpO2 target
(n = 322)

Middle third: predicted
to have similar outcomes
with either target
(n = 322)

Upper third: predicted
to benefit from
higher SpO2 target
(n = 321)

Overall 115 (35.7) 92 (28.6) 84 (26.2)

Randomized to lower SpO2 group 54 (32.7) 47 (28.7) 51 (32.9)

Randomized to higher SpO2 group 61 (38.9) 45 (28.5) 33 (19.9)

Treatment effect (difference in incidence in 28-d mortality
between lower vs higher SpO2 groups), % (95% CI)

−6.1 (−16.5 to 4.3) 0.2 (−9.6 to 10.0) 13.0 (3.5 to 22.6) .02a

Abbreviation: SpO2, peripheral oxygenation-saturation by pulse oximetry.
a Likelihood ratio test P value for interaction term between the thirds of predicted individualized treatment effect and the randomized SpO2 group assignment.

Figure 2. Absolute Risk Difference in 28-Day Mortality Between the Lower and Higher SpO2 Target Groups by Predicted Individualized Treatment Effect
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A, Displays the value of the predicted individualized treatment effect generated by
the model derived from the Pragmatic Investigation of Optimal Oxygen Targets
(PILOT) trial for each of the 965 patients in the Intensive Care Unit Randomized
Trial Comparing Two Approaches to Oxygen Therapy (ICU-ROX) trial. Patients
were ranked from the lowest value on the left to the highest value on the right.

B, For patients in the lower third, middle third, and upper third of predicted

individualized treatment effect, the absolute risk difference in the incidence of
28-day mortality between patients randomized to the lower SpO2 group and
the higher SpO2 group is shown (colored dots) with 95% CIs (whiskers). The
predicted individualized treatment effect (lower, middle, or higher third)
modified the effect of randomized SpO2 group assignment on the incidence of
28-day mortality (P value for interaction = .02).
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required before results can be generalized to other patient
populations and predicted individualized treatment effects are
used to inform clinical care. The findings that patients with
acute brain injury may experience lower mortality with a lower
SpO2 target and patients with sepsis may experience lower mor-
tality with a higher SpO2 target should not be interpreted as de-
finitive treatment strategies.

Conclusion

Oxygenation targets that are individualized using machine
learning analyses of randomized trials may reduce mortality
for critically ill adults. A prospective trial evaluating the use
of individualized oxygenation targets is needed.
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