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Abstract
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Background: Oxygen therapy is routinely administered to mechanically ventilated patients. However, there remains
uncertainty about the optimal oxygen titration target in patients with the acute respiratory distress syndrome (ARDS).

Methods: Prospectively identified adult patients meeting the Berlin definition of ARDS between 1st January 2014
and 13th December 2016 were analyzed. Oxygen exposure variables were collected at 6-hourly intervals. The primary
exposure was the average time-weighted partial pressure of arterial oxygen (PaO,) calculated over a maximum of

7 days from meeting ARDS criteria. The primary outcome was ICU mortality. Univariable and multivariable logistic
regression analyses were performed to assess the impact of exposure variables on clinical outcomes. Results are pre-

Results: 202 patients were included in the final analysis. Overall ICU mortality was 31%. The average time-
weighted PaO, during the first 7 days of ARDS was similar between non-survivors and survivors (11.3 kPa [10.2, 12.5]
(84.8 mmHg [76.5,93.8]) vs. 11.9 kPa [10.9, 12.6] (89.3 mmHg [81.8, 94.5]); p=0.08). In univariable and multivariable
analysis, average time-weighted PaO, demonstrated a U-shaped relationship with ICU mortality. There was a similar

Conclusions: In patients with ARDS, the predicted probability of both ICU and hospital mortality was lowest when
the average time-weighted PaO, was between 12.5 and 14 kPa (93.8-105.0 mmHg), suggesting this is a reasonable
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Background

Supplemental oxygen therapy is routinely required as
part of the supportive care of patients with the acute
respiratory distress syndrome (ARDS), but it is typically
administered without defined or standardized targets [1].
This has prompted oxygenation targets in ARDS to be
considered a priority for clinical trials in ARDS [2].
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The mechanisms through which oxygen therapy may
be injurious are unclear, and it is difficult to separate
the potentially injurious effects of high fractions of
inspired oxygen (FiO,) causing alveolar hyperoxia, from
high partial pressure of arterial oxygen (PaO,) causing
hyperoxaemia. Exposure to supra-physiological FiO,
(0.5-0.6) has been demonstrated to augment lipopoly-
saccharide and ventilator-induced lung injury in pre-
clinical models [3, 4]. The potentially harmful effects of
alveolar hyperoxia were also demonstrated in a clini-
cal trial of mechanically ventilated patients with sep-
tic shock. Although this trial was discontinued early,
there were fewer ventilator-free days and more serious

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line

to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0002-6201-805X
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12890-021-01648-7&domain=pdf

Boyle et al. BMC Pulm Med (2021) 21:285

adverse events in the group allocated to receive maxi-
mal oxygen therapy (FiO, 1.0) [5].

Hyperoxaemia has also been associated with harm
in critically ill patients in multiple studies [6—10]. In
an open-label randomized controlled trial of adult
patients admitted to the intensive care unit (ICU), con-
servative oxygen therapy (defined as the lowest pos-
sible FiO, to maintain PaO, between 9.3 and 13.3 kPa
(70-100 mmHg) or arterial oxyhemoglobin satura-
tion measured by pulse oximetry (SpO,) 94-98%) was
reported to reduce ICU mortality when compared with
standard care [11]. Furthermore, in a cohort of patients
receiving veno-venous extracorporeal membrane oxy-
genation for respiratory failure, moderate hyperoxae-
mia (PaO, between 13.5 and 40 kPa (101-300 mmHg))
was associated with increased hospital mortality [12].

However, in a large randomized controlled trial of
mechanically ventilated adults, a conservative oxygen
strategy titrated to avoid hyperoxaemia did not reduce
ventilator-free days [13]. Whilst this suggests that con-
servative oxygen targets may be as safe as usual care,
it does not exclude the possibility of harm from hyper-
oxaemia. Similarly, in patients with acute hypoxae-
mic respiratory failure who were admitted to the ICU,
which included some patients with ARDS, there was
no difference in outcome between patients allocated
to receive an oxygen target of either 8 kPa (60 mmHg)
or 12 kPa (90 mmHg) [14]. In comparison, a clinical
trial of patients with early ARDS, allocation to con-
servative oxygen therapy (PaO, target 7.3-9.3 kPa
(55-70 mmHg)) was associated with higher 90-day
mortality than a liberal oxygen strategy (PaO, target
12-14 kPa (90-105 mmHg)) [15]. Despite these results,
a post-hoc analysis of 10 randomized controlled trials
that recruited patients with ARDS provides conflict-
ing data, suggesting that higher cumulative excess oxy-
gen exposure (sum of inspired oxygen received beyond
what was required for a specified PaO,) was associated
with increased hospital mortality and fewer ventilator-
free days [16].

These data demonstrate that there is still uncertainty
about the optimal oxygen titration targets for patients
with ARDS. Whilst most studies have investigated a
strategy of conservative or liberal oxygen titration strat-
egies, it is plausible that there is an optimal target for
oxygenation between the ranges studied thus far. In an
evaluation of prospectively identified patients, the pri-
mary aim of this analysis was to assess whether there was
a relationship between average time-weighted PaO, and
ICU mortality in patients with ARDS. Secondary aims
included evaluating whether oxygenation targets were
associated with changes in hospital mortality or duration
of invasive mechanical ventilation.
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Methods

Patient population

An observational study of prospectively identified adult
patients (>16 years, with no upper age limit) requiring
invasive mechanical ventilation admitted to a 27-bed
mixed medical and surgical intensive care unit was per-
formed. Between 1st January 2014 and 13th December
2016, patients were prospectively evaluated each day dur-
ing their admission. All patients meeting the Berlin defi-
nition of ARDS [17], regardless of severity, with at least
12 h of available data were included in the study. This
was a convenience sample, and the timeframe selected
represented the onset of patient identification and plan-
ning for ARDS clinical trials. Data collection ceased
when staff were no longer available to work on this pro-
ject. As such, a power calculation was not performed.
This study was conducted within the Belfast Health and
Social Care Trust, who determined this study as an audit
because patient management was not altered, only rou-
tinely collected data were used and the data were fully
anonymized. As a result, research ethics committee
approval was not required.

Data collection

Baseline demographics recorded at the time of ICU
admission included age, sex, source of admission (e.g.
elective, emergency, medical or surgical) and acute physi-
ology and chronic health evaluation (APACHE) II score.
Non-respiratory sequential organ failure assessment
(SOFA) scores were calculated at the time of ARDS diag-
nosis. Predicted body weight (PBW) was calculated for
each patient based on their documented height and sex
[18], and from this baseline tidal volume per predicted
body weight (ml/kg) was determined. Additional param-
eters recorded at diagnosis of ARDS included blood lac-
tate, positive end expiratory pressure (PEEP), fraction of
inspired oxygen (FiO,), partial pressure of arterial oxy-
gen (Pa0,), arterial oxygen saturation (SaO,) and mean
airway pressure (MAP). P/F ratio was calculated from
available arterial blood gas measurements at 6-hourly
intervals. Oxygenation values are expressed in kPa
(mmHg) throughout the manuscript, with the equivalent
value in mmHg accompanying kPa values in each results
table.

Exposures

Oxygen exposure variables were collected from the onset
of ARDS for 7 days, or until unassisted breathing (defined
as extubation, or breathing without ventilatory assistance
with a PEEP <5 ¢cm H,O for one whole calendar day) or
death (whichever occurred earliest). These variables were
collected for up to 7 days because early oxygen exposure
has previously been demonstrated to have significant
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effect on outcomes in other cohorts of critically ill
patients [5, 11, 19]. The primary exposure of interest was
the average time-weighted PaO, calculated over a maxi-
mum of 7 days from meeting ARDS criteria [20]:
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quadratic trend. Results of the models with duration of
mechanical ventilation as outcomes are shown as Esti-
mate [95% CI]. Values of the estimate are values of the
estimated beta coefficient of predictors, and therefore

T-PaOy1 4+ T-PaOy2 + - -

-T - PaOyx

Average time-weighted PaO, T-Total
-Tota

T-PaO,=mean PaO, x time (between consecutive
timepoints where PaO, was measured). T-Total=time
between the first and last PaO, measurement during the
period of mechanical ventilation after meeting ARDS cri-
teria, up to 7 days.

Hyperoxaemia was defined prospectively as a PaO,
greater than 14 kPa (105 mmHg) [11]. Excess oxygen
exposure was defined as any FiO, > 0.5 in patients with a
PaO,>10.7 kPa (80 mmHg), and was calculated at 24-h
intervals with a cumulative value obtained [16].

Outcomes

The primary outcome was ICU mortality. Secondary out-
comes included duration of ventilation and hospital mor-
tality (both censored at 60 days). Duration of ventilation
was calculated as the total time of invasive mechanical
ventilation until unassisted breathing was achieved for
one whole calendar day [21].

Statistical methods
Baseline characteristics and outcome variables were
compared using standard tests for continuous and binary
variables. Data are presented as means (standard devia-
tion, SD), median (interquartile range, [[QR]) and num-
ber (percentage, %) as appropriate. The percentage of
missing observations is shown when necessary. The dis-
tributions of all variables were tested for normality. The
independent sample Student’s t-test was used for con-
tinuous variables with a normal distribution. Otherwise,
the Wilcoxon-Mann-Whitney was used when normality
was violated. The Chi squared test or Fisher’s exact two-
sided test, as appropriate, were used for binary variables.
A p<0.05 was considered statistically significant.
Univariable and multivariable logistic regression
models were performed to identify the association
between baseline characteristics and, respectively,
ICU mortality, hospital mortality, and duration of
mechanical ventilation. Results of regression mod-
els for ICU and hospital mortality are shown as odds
ratio (OR) [95% confidence interval (CI)]. Duration of
mechanical ventilation is presented in log scale. The
relationship between mortality and either average time-
weighted PaO, or highest PaO, was modelled through a

positive coeflicient values mean that for a unit increase
in the predictor, the outcome is increasing, and for
negative coefficient values the outcome is decreasing.
Multivariable models were constructed using vari-
ables that showed a statistically significant difference
(p<0.2) between the groups in univariate analysis.
Stepwise backward elimination was used to develop
final multivariable models with best fit for the outcome
of interest. As the primary exposure of interest, aver-
age time-weighted PaO, within the first 7 days of ARDS
was forced into multivariable models evaluating ICU
and hospital mortality. Where variables were subject to
collinearity, a preference was made to select average-
time weighted PaO, in the models because it was the
primary exposure of interest.

Mediation analysis [22] was performed to identify if
there was a causal relationship between an early expo-
sure (hyperoxaemia in the first 24 h from ARDS diagno-
sis), high lactate or baseline tidal volume (mediators),
and how this relationship affected ICU and hospital
mortality. Early hyperoxaemia was selected as an expo-
sure because it was an potential early event in the dis-
ease course that has been previously demonstrated to
be associated with increased mortality in mechanically
ventilated patients without ARDS [19]. High lactate was
chosen as a mediator because prior analyses have iden-
tified that there is an increased risk of death in patients
with septic shock and a high lactate exposed to hyper-
oxia, whilst baseline tidal volume was selected because
volutrauma has been shown to augment experimental
hyperoxia-induced lung injury [4]. Baseline FiO, and
PEEP were considered as confounders based on their
clinical effect on oxygenation. The causal relationship
was assessed in three steps: (1) indirect or mediated
effect: regression models with the two mediators (high
lactate and baseline tidal volume) as dependent vari-
ables and the exposure (hyperoxaemia in the first 24 h)
as the independent variable together with baseline
FiO, and PEEP as confounders; (2) effect of mediators
on outcomes: regression model with ICU or hospital
mortality as dependent variable and each mediator and
confounders as independent variables; (3) estimation of
mediators effect as a combination of both steps 1 and 2.
All statistical analyses were carried out using the R sta-
tistical package (https://www.R-project.org).
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Results

Between 1st January 2014 and 13th December 2016,
3773 patients were admitted to the ICU, and of these, 222
patients were identified for inclusion. Following clinical
review for suitability, 202 patients were confirmed as hav-
ing ARDS with at least 12 h of available data, and there-
fore included in the final analysis. A full list of exclusions
is provided in the Additional file 1. The median duration
of mechanical ventilation in patients was 9 days [5, 16].
Overall ICU mortality was 31%, and overall hospital mor-
tality was 38%. At the point of meeting ARDS criteria,
ICU survivors were younger, had a lower non-respiratory
SOFA score, and had a lower blood lactate than non-sur-
vivors (Table 1).

The average time-weighted PaO, during the first 7 days
of ARDS was similar between non-survivors and survi-
vors (11.3 kPa [10.2, 12.5] (84.8 mmHg [76.5, 93.8]) vs.
11.9 kPa [10.9, 12.6] (89.3 mmHg [81.8, 94.5]); p=0.08).
In contrast, during the first 7 days after meeting ARDS
criteria, the highest recorded P/F ratio was lower in non-
survivors than in survivors (38.2 kPa [IQR 26.4, 44.6]
(286.5 mmHg [198.0, 334.5]) vs. 41.7 kPa [35.1, 49.5]
(312.8 mmHg [263.3, 371.3]); p=0.004), and non-sur-
vivors also had fewer hyperoxaemia episodes (defined
as a PaO,>14 kPa (105 mmHg)) (2 [0.5, 4] vs 3 [1, 6];
p=0.04).

The number of patients ever exposed to excess oxygen
was similar between survivors and non-survivors (54 vs.
57%; p=0.79), whilst the cumulative excess oxygen expo-
sure within the first seven days of ARDS was low and
similar between survivors and non-survivors (0.1 [0.0,
0.3] vs. 0.1 [0.0, 0.2]; p=0.84) (Table 2).

ICU mortality

In univariable and multivariable analysis, average time-
weighted PaO, demonstrated a U-shaped relationship
with ICU mortality. For values of average time-weighted
PaO,<13.5 kPa (101.3 mmHg), increasing average
time-weighted PaO, is associated with a reduced mor-
tality. In contrast, for values of average time-weighted
PaO,>13.5 kPa (101.3 mmHg), when average time-
weighted PaO, increases this is associated with increased
ICU mortality. The effect of average time-weighted PaO,
on ICU mortality is shown in Fig. 1.

Of the other variables that were assessed, age, non-res-
piratory SOFA score, and blood lactate were associated
with increased ICU mortality, whilst highest recorded
P/F ratio and higher baseline PEEP were associated with
reduced ICU mortality (Table 3).

After adjusting for age, lactate, non-respiratory SOFA
score and baseline PEEP, average time-weighted PaO,
within the first 7 days of ARDS continued to demonstrate
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a U-shaped relationship with ICU mortality, similar to
that reported in the univariable analysis (quadratic term
OR 1.08 [1.01-1.16]; p=0.03 and linear term OR 0.12
[0.02-0.66]; p=0.02). Of the other co-variables, age was
associated with increased ICU mortality whilst PEEP was
associated with reduced ICU mortality (Table 3).

Hospital mortality

In univariate and multivariable analysis, average time-
weighted PaO, demonstrated a U-shaped relationship
with hospital mortality (Fig. 2). When average time-
weighted PaO, was<13.2 kPa (99.0 mmHg), increas-
ing average time-weighted PaO, was associated with
reduced mortality. In contrast, average time-weighted
PaO, beyond 13.2 kPa (99.0 mmHg) was associated with
increased mortality.

After adjusting for age, lactate, non-respiratory SOFA
score and baseline PEEP in multivariable analysis, aver-
age time-weighted PaO, within the first 7 days of ARDS
continued to have a significant association with hospital
mortality (quadratic term 1.09 [1.02-1.18]; p=0.02 and
linear term 0.11 [0.01-0.63]; p=0.02). The pattern of the
relationship is similar to that presented in Fig. 2. Of the
other co-variables, age was associated with increased
ICU mortality whilst PEEP was associated with reduced
hospital mortality (Table 4).

Effect of ARDS severity

To evaluate whether there was a difference in effect based
on ARDS severity at diagnosis, separate multivariable
analyses were performed for patients with mild (n=78),
moderate (n=90) and severe ARDS (n=34). In patients
with moderate ARDS, average time-weighted PaO,
was significantly associated with ICU mortality (quad-
ratic term 1.21 [1.08-1.43]; p<0.01 and linear term 0.01
[0.00-0.14]) (Additional file 1: Table S1) and with hos-
pital mortality (quadratic term 1.16 [1.04—1.35]; p=0.02
and linear term 0.03 [0.00-0.38]; p=0.02) (Additional
file 1: Table S2), There was no association between aver-
age time-weighted PaO, and ICU or hospital mortality in
patients with either mild or severe ARDS.

Duration of mechanical ventilation

There was no association between average time-weighted
PaO, over 7 days and duration of mechanical ventila-
tion (—0.05 [—0.12, 0.02]; p=0.19) (Additional file 1:
Table S3). In an adjusted analysis, highest recorded
P/F ratio was associated with an increased duration of
mechanical ventilation (0.01 [0.00, 0.01]; p=0.04). Use
of neuromuscular blockade during the first seven days
of ARDS was also associated with an increased duration
of mechanical ventilation (0.44 [0.19-0.70]; p=0.001),
whilst increasing tidal volume (—0.09 [—0.15, —0.03];
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Table 1 Baseline characteristics

Variables Overall Non-Survivors Survivors p-value
(N=202) (N=63;31%) (N=139; 69%)

Age (years) 59.0[43.0,71.0] 69.00 [52.0, 76.5] 56.0[39.0,67.0] <0.001

Male—N (%) 127 (62.9) 38 (60) 89 (64) 073

APACHE 12 19.0[15.0,23.0] 21.0[17.0,24.0] 18.0[15.0,23.0] 0.15

Non-respiratory SOFA score 8.00 [5.00, 10.0] 8.00[7.0,11.0] 7.01[4.0,9.5] 0.03

Admission source-N (%)

Emergency 145 (71.8) 46 (73) 99 (71) 0.92

Elective 11(54) 3(4.8) 8 (6) 1.00

Medical 89 (44.1) 27 (43) 62 (45) 0.94

Surgical 71(35.7) 26 (41) 45 (32) 0.29

ARDS severity—N (%)

Mild 78 (38.6) 25(39.7) 53(38.1) 0.809

Moderate 90 (44.6) 29 (46.0) 61 (43.9)

Severe 34 (16.8) 9(14.3) 25(18.0)

ARDS risk factor—N (%)

Trauma 36 (17.8) 8(13) 28 (20) 0.28

Pneumonia 140 (69.3) 44 (70) 96 (69) 1.00

Non-pulmonary sepsis 36 (17.8) 14 (22) 22(16) 0.37

Oxygenation parameters

PaO, (kPa) {mmHg} 11.1[9.7,13.5] 11.6 [10.0, 14.1] 11.0[9.5,12.8] 0.09
{83.3[72.8,101.3]} {8775, 105.8]} {82.5[71.3, 96.0]}

FiO, 0.5[0.4,0.8] 0.5[04,0.7] 0.51[04,0.8] 0.61

P/F ratio (kPa) {mmHg} 239[16.2,31.0] 24.7[18.2,34.2] 23.5[154,30.0] 0.1
{179.3,[121.5, 232.5]} {185.3[136.5, 256.5]} {176.3[115.5, 225.0]}

Sa0, (%)° 97.41[95.5,98.5] 97.7 [96.0,98.8] 97.3[95.3,98.2] 0.27

Ventilation parameters

Tidal volume (ml/kg PBW) 7.1163,84] 73164, 846] 7.1163,83] 032

PEEP (cmH,0) 8.0[5.0,10.0] 7.0[5.0,8.0] 8.0[5.0,10.0] 0.05

Mean airway pressure (cmHZO)d 13.0[9.0,16.0] 13.0[9.0,15.0] 12.0[10.0, 16.0] 0.57

Lactate (mmol/L) 1.2[0.8,1.8] 1411.0,2.0] 1.1[0.8,1.6] 0.02

Vasopressor use—N (%)* 114 (56.4) 41 (65) 73 (52) 0.13

Adjunctive therapies"

Neuromuscular blockade—N (%) 62 (30.7) 14 (22) 48 (35) 0.11

Nitric oxide—N (%) 25(124) 9(14) 16(11) 0.75

Prone positioning—N (%) 14 (6.9) 5(8) 9(6) 0.94

Data are presented as median [IQR] unless otherwise stated
Values of oxygenation are presented in kPa, and the corresponding values in mmHg is presented in italics

APACHE II, Acute physiology and chronic health evaluation II; SOFA, Sequential organ failure assessment score; PaO,, partial pressure of arterial oxygen; FiO,,Fraction
of inspired oxygen; P/F ratio, partial pressure of arterial oxygen to fraction of inspired oxygen ratio; SaO,, Saturation of arterial oxygen; PBW, predicted body weight;
PEEP, Positive end-expiratory pressure

*At time of ARDS diagnosis

# Use within first 7 days of ARDS diagnosis

#12.9% of patients with missing data (17 survivors, 9 non-survivors)
b 4.0% of patients with missing data (4 survivors, 4 non-survivors)
©7.4% of patients with missing data (9 survivors. 6 non-survivors)

p=0.002) and lactate (—0.08 [—0.14, -0.02]; p=0.01) Patients who survived ICU had a longer duration of
were associated with a reduced duration of mechanical ~mechanical ventilation compared to non-survivors

ventilation (Additional file 1: Table S4). (10 [6, 17] days vs. 7 [4, 12]; p=0.001). In an analysis
restricted to patients who survived ICU, there was no



Boyle et al. BMC Pulm Med (2021) 21:285 Page 6 of 12

Table 2 Oxygenation parameters

Parameter Overall Non-Survivors Survivors p-value
N=202 N=63 N=139

Highest PaO, 17.40[14.8,21.9] 16.5[14.3,21.8] 18.2[15.0,21.8] 022

(kPa) {mmHg} {130.5[111.0, 164.3]} {123.8(107.3, 163.5]} {136.5[112.5,163.5]}

Highest FiO, (%) 0.7 [0.5,0.8] 0.7 [0.6,0.9] 0.7 [0.5,0.8] 0.17

Highest P/F ratio 41.0[32.7,48.6] 38.2 [264,44.6] 41.7[35.1,49.5] 0.004

(kPa) {mmHag} {307.5{245.3, 364.5]} {286.5[198.0, 334.5]} {312.8[263.3,371.3]}

Average time-weighted PaO, (kPa) {mmHg}

First 24 h of ARDS 11.5[104,13.1] 11.4[10.1,129] 11.6[10.5,13.1] 037
{86.3[78.0, 98.3]} {85.5[75.8,96.8]} {87.0[78.8, 98.3]}

First 7 days of ARDS 11.8[10.7,12.6] 11.3[10.2,125] 11.9[109,12.6] 0.08
{88.5[80.3, 94.5]} {84.8[76.5, 93.8]} {89.3[81.8, 94.5]}

Number of hyperoxaemia episodes (First 7 days 3.0[1.0,6.0] 2.0[0.5,4.0] 3.0[1.0,6.0] 0.04

of ARDS)

Any hyperoxaemia episode—N (%) 166 (82) 47 (75) 119 (86) 0.09

Ever exposed to excess oxygen-N (%) 111 (55) 36 (57) 75 (54) 0.79

Excess oxygen exposure

First 24 h of ARDS 0.0[0.0,0.2] 0.010.0,0.2] 0.0[0.0,0.1] 0.75

First 7 days of ARDS 0.1[0.0,0.2] 0.1[0.0,0.2] 0.1[0.0,0.3] 0.84

Data are presented as median [IQR] unless otherwise stated

Values of oxygenation are presented in kPa, and the corresponding values in mmHg is presented in italics

Average time-weighted PaO, was obtained by calculating the value between consecutive time points prior to multiplying this value by the period of time between
these points. The sum of these time-weighted values was then divided by the total time of mechanical ventilation within the timepoints of interest. Hyperoxaemia
was defined as a PaO, > 14 kPa (105 mmHg). Excess oxygen exposure was defined as any FiO, value above an FiO,>0.5 in patients with a PaO, > 10.7 kPa (80.3 mmHg),
and was calculated at 24-h intervals with a cumulative value obtained

PaO,, partial pressure of arterial oxygen; FiO,, Fraction of inspired oxygen; P/F ratio, partial pressure of arterial oxygen to fraction of inspired oxygen ratio

0.7 1

o o o
» [&)] [e]
1 1 L

Predicted Probability of ICU Mortality

o
w
1

13.5/kPa

(within the first 7 days of ARDS)

Average time-weighted PaO,

101.3 mmHg
10.0 kPa 12.5 kPa 15.0 kPa 17.5 kPa
75.0 mmHg 93.8 mmHg 112.5 mmHg 131.3 mmHg

Fig. 1 Relationship between average time-weighted PaO, and ICU mortality. Predicted probability of ICU mortality by average time-weighted PaO,
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Table 3 Univariable and multivariable analysis for ICU mortality

Predictor Univariable analysis Multivariable analysis
Odds ratio [95% Cl] p-value Odds ratio [95% Cl] p-value
Age (years) 1.05[1.03,1.07] <0.001 1.04[1.02,1.07] <0.001
Male 0.85[0.46,1 58] 0.61
APACHE II 1.03 [0.98, 1.09] 0.21
Non-respiratory SOFA score 1.121[1.03,1.22] 0.01 1.09[0.98, 1.22] 0.10
Admission source
Emergency 1.091[0.57,2.17] 0.79
Elective 0.82[0.17, 2. 94] 0.77
Medical 0.931[051,1.7] 0.82
Surgical 1471079, 2. 71] 0.22
ARDS severity®
Moderate 1.01[0.53,1.94] 0.98
Severe 0.76 [0.30,1.83] 0.56
ARDS risk factor
Trauma 0.58[0.23,1.3] 0.20
Pneumonia 1.04 [0.55, 2.01] 091
Non-pulmonary sepsis 1.5210.71,3.19] 0.27
Baseline ventilation parameters
Tidal volume (ml/kg PBW) 1.08[0.92, 1.26] 033
PEEP (cmH,0) 0.88[0.78, 0. 99] 0.04 0.87[0.76,0.99] 0.05
Mean airway pressure (cmH,0) 0.99 [0.93 02] 0.58
Lactate (mmol/L) 1.181[1.01,1.39] 0.04 1.17[0.96, 1.43] 0.12
Vasopressor use 1.68[0.92, 3.1 5} 0.10
Adjunctive therapies
Neuromuscular blockade 0.54[0.27,1.06] 0.08
Nitric oxide 1.28[0.51,3.03] 0.58
Prone positioning 1.251[0.37,3.77] 0.70
Highest PaO, (kPa/mmHg)
Quadratic term 1.00[1.00, 1.01] 0.04
Linear term 0.85[0.73,0. 99} 0.04
Highest FiO, 1[0.93,1.1] 0.72
Highest P/F ratio 0.97[0.95, 0.99] 0.02
Average time-weighted PaO, (kPa/mmHg)
Quadratic term 1.07[1.01,1.14] 0.02 1.08[1.01,1.16] 0.03
Linear term 0.16 [0.03,0.67] 0.01 0.12[0.02, 0.66] 0.02

Average time-weighted PaO, was obtained by calculating the value between consecutive time points prior to multiplying this value by the period of time between
these points. The sum of these time-weighted values was then divided by the total time of mechanical ventilation (up to 7 days from onset of ARDS) within the
timepoints of interest

APACHE II, Acute physiology and chronic health evaluation Il; SOFA, Sequential organ failure assessment score; PaO,, partial pressure of arterial oxygen; FiO,, Fraction
of inspired oxygen; P/F ratio, partial pressure of arterial oxygen to fraction of inspired oxygen ratio; PBW, predicted body weight; PEEP, Positive end-expiratory
pressure

?The reference category for the comparison was Mild

association between average time-weighted PaO, over  »=0.001), and tidal volume a reduction (— 0.09 [— 0.16,
7 days and duration of mechanical ventilation (—0.06  —0.01]; p=0.03), in duration of mechanical ventilation
[-0.15, 0.03]; p=0.18) (Additional file 1: Table S5). In  in survivors (Additional file 1: Table S6).

multivariable analysis, the use of neuromuscular block-

ade was associated with an increase (0.52 [0.22-0.82];
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Mediation analysis

In an effort to establish whether there was a causative
effect between hyperoxaemia exposure and outcome,
mediation analysis was performed using both blood lac-
tate [23] and baseline tidal volume [4] as mediators that
could affect outcome. In both cases no significant effect
was identified between either high lactate (»p=0.33) or
baseline tidal volume (p=0.08) as mediators that affects
outcome of patients exposed to hyperoxaemia in the first
24 h of ARDS in a model with baseline FiO, and PEEP
as confounding variables. Therefore, the three conditions
for mediation analysis, defined in the methods section,
are not satisfied.

Discussion

In prospectively identified patients with ARDS, the pre-
dicted probability of both ICU and hospital mortality
was lowest when the average time-weighted PaO, was
between 12.5-14 kPa (93.8-105.0 mmHg). This suggests
that clinicians targeting a PaO, out-with this range may
increase the risk of mortality in their patients with ARDS,
and this data is novel in providing a clearer understand-
ing of the risks of different oxygenation targets in patients
with ARDS.

These findings expand upon the findings from previ-
ous studies, and provide further insight about optimal
oxygen targets in patients with ARDS [2]. In a clinical
trial of patients with ARDS, a liberal oxygen strategy
(targeting a PaO, 12-14 kPa (90.0-105.0 mmHg)) was
associated with increased survival compared with a con-
servative oxygen strategy (targeting a PaO, 7.3-9.3 kPa
(55.0-70.0 mmHg)) [15]. In contrast, although not lim-
ited to patients with ARDS, the HOT-ICU study evalu-
ated patients with acute hypoxaemic respiratory failure
and did not identify any difference in outcome when
patients were managed with either a target PaO, of either
8 kPa (60.0 mmHg) or 12 kPa (90.0 mmHg) [14]. Inter-
estingly, the safest threshold of average time-weighted
PaO, within the first 7 days of ARDS for patients in this
analysis was 12.5-14 kPa (93.8-105.0 mmHg), which was
a similar target to that which showed benefit in a previ-
ous study of patients with ARDS [15]. When patients
were grouped by ARDS severity, the effect of average
time-weighted PaO, was only observed in patients with
moderate ARDS. Although this may be driven by the
slightly higher number of patients with moderate ARDS,
it is possible that there is a difference in effect of oxygen
exposure based on illness severity.
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Table 4 Univariable and multivariable analysis for hospital mortality
Predictor Univariable analysis Multivariable analysis
Odds ratio [95% Cl] p-value Odds ratio [95% Cl] p-value
Age (years) 1.05[1.03,1.08] <0.001 1.05[1.03, 1.08] <0.001
Male 1.02[0.57,1.85] 0.95
APACHE II 1.04 [0.99, 1.09] 0.12
Non-respiratory SOFA score 1.121[1.03,1.22] 0.007 1.11[1.00, 1.23] 0.05
Admission source
Emergency 0.85[046, 1.61] 0.62
Elective 1.411[0.39,4.84] 0.58
Medical 0.96 [0.54, 1.70] 0.89
Surgical 1.48[0.82,2.68] 0.19
ARDS severity®
Moderate 0.79[0.42,1.47] 0.46
Severe 0.571[0.23,1.32] 0.20
ARDS risk factor
Trauma 0.58[0.25, 1.25] 0.18
Pneumonia 1.26 [0.68, 2.39] 0.46
Non-pulmonary sepsis 1.621[0.78,3.37] 0.19
Baseline ventilation parameters
Tidal volume (ml/kg PBW) 1.03[0.88, 1.20] 0.71
PEEP (cmH,0) 0.8710.77,0.97] 0.01 0.86[0.75,0.98] 0.03
Mean airway pressure (cmH,0) 0.95[0.89, 1.00] 0.15
Lactate (mmol/L) 1.1711.00,1.37] 0.05 1.13[0.93,1.39] 0.21
Vasopressor use 1.70[0.95, 3.08] 0.08
Adjunctive therapies
Neuromuscular blockade 0.52[0.27,0.98] 0.05
Nitric oxide 1.12[046,2.61] 0.79
Prone positioning 0.92[0.27,2.76] 0.88
Highest PaO, (kPa/mmHg)
Quadratic term 1.00 [1.00, 1.00] 0.09
Linear term 0.88[0.76,1.01] 0.09
Highest FiO2 1.00[0.91,1.09] 0.96
Highest P/F ratio 0.98 [0.96, 1.00] 0.10
Average time-weighted PaO, (kPa/mmHg)
Quadratic term 1.07[1.01,1.14] 0.03 1.09[1.02,1.18] 0.02
Linear term 0.17[0.04,0.73 0.02 0.11[0.01,0.63] 0.02

Average time-weighted PaO, was obtained by calculating the value between consecutive time points prior to multiplying this value by the period of time between
these points. The sum of these time-weighted values was then divided by the total time of mechanical ventilation (up to 7 days from onset of ARDS) within the

timepoints of interest

APACHE II, Acute physiology and chronic health evaluation Il; SOFA, Sequential organ failure assessment score; PaO,, partial pressure of arterial oxygen; FiO,, Fraction
of inspired oxygen; P/F ratio, partial pressure of arterial oxygen to fraction of inspired oxygen ratio; PBW, predicted body weight; PEEP, Positive end-expiratory

pressure
?The reference category for the comparison was Mild

The concept of a U-shaped relationship between
oxygen targets and mortality has been previously dem-
onstrated in a broad cohort of critically ill patients. In
a retrospective analysis of two large patient datasets
of patients admitted to ICUs, it was demonstrated
that hospital mortality was lowest in patients when
their median SpO, was 94—98% [24]. Titrating oxygen

to SpO, targets is likely to be more achievable in
resource-limited environments and therefore a study
of oxygen titration to SpO, in patients with ARDS
may be warranted in future. Such studies may wish
to prioritise including patients with moderate ARDS
given the findings presented in this manuscript.
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Whilst oxygen targets are predominantly based on
pulse oximetry or PaO, the variable that is most likely to
be adjusted to achieve these targets is FiO,. It is difficult
to extrapolate the benefits or harms from one oxygena-
tion target without considering the potential harms from
higher FiO,. Indeed, it is plausible that patients at both
extremes of arterial oxygenation were each exposed to
high FiO,. Exposure to an FiO, set at 1.0 has been shown
to be associated with increased mortality in critically ill
patients with septic shock [5], and therefore it is possible
that the harm demonstrated in this analysis (of an aver-
age time-weighted PaO, within the first 7 days of ARDS
out-with 12.5-14 kPa (93.8-105.0 mmHg)) is at least in
part mediated by exposure to high FiO,.

In an effort to better understand whether there was
a causal relationship between hyperoxaemia exposure
(PaO, > 14 kPa (105 mmHg)) and clinical outcome, medi-
ation analysis was performed. Hyperoxaemia within the
first 24 h of ARDS was selected as a potentially modifi-
able exposure that occurred early in the disease course,
and as early hyperoxaemia had previously been dem-
onstrated to be associated with increased mortality in
patients without ARDS [19]. Potential mediators that
could have affected this exposure include baseline tidal
volume [4] and high lactate [23]. Unfortunately, the three
conditions for mediation analysis were not met, which
may reflect the choice of mediator. This study is limited
in mediator assessment because of the data variables col-
lected, and therefore future studies may wish to evaluate
whether there is a mediation effect of alternative vari-
ables. For example, the effect of different oxygen titra-
tion strategies in patients with sepsis remains uncertain
[5, 25], and therefore it is plausible that differences in the
host response may modify the risks from hyperoxaemia
(e.g. the effect of hyperoxaemia in patients with neutro-
penia may differ from that in patients with neutrophilia).
This points to the need for improved understanding of
the mechanisms of potential harm from hyperoxia and
hyperoxaemia.

This study has several strengths. Patients were pro-
spectively identified according to the Berlin criteria [17].
All patients had established ARDS and were receiv-
ing invasive mechanical ventilation, which contrasts
with previous studies in a general ICU population [11],
and therefore may better inform the bedside clinician
about the association between arterial oxygenation tar-
gets and outcomes in patients with ARDS. In keeping
with all observational studies, these results are limited
by unmeasured variables that could have a confound-
ing effect, both on the effect of oxygen exposure but also
on the patient course during their illness. This includes
patient co-morbidities, the duration of mechanical venti-
lation prior to ARDS diagnosis, the use of oxygen during
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tracheal intubation, and the frequency of respiratory
physiotherapy or recruitment maneuvers, each of which
were not included in this evaluation. Whilst PEEP was
controlled for in multivariable analysis, a more precise
understanding of the effects of arterial oxygenation tar-
gets may be obtained in a study where PEEP is similar
between groups. Future studies may consider evaluating
the relationship between oxygen exposure and ARDS
sub-phenotype [26] as it is plausible that there may be
a difference in effect in patients with either a hyper- or
hypo-inflammatory sub-phenotype. Finally, the findings
in this study may be limited by the number of patients
analysed. As this was designed as an exploratory analy-
sis using a convenience sample, there was no sample size
calculation performed. Therefore, it is possible that the
study does not include a sufficient number of patients to
identify a difference in hyperoxaemia exposure that has
a significant impact on survival in patients with ARDS.
Furthermore, in the absence of a sample size calculation,
it is difficult to quantify the bias of the population sample
studied. Therefore, although the results from this study
are in keeping with those from recent randomized con-
trolled trials [15], the use of a convenance sample means
there is greater uncertainty regarding the applicability of
the results of this study to a wider population of patients.
This emphasizes that the results from this study should
be considered hypothesis-generating, and support the
need for appropriately powered clinical trials investi-
gating the optimal oxygenation targets in patients with
ARDS.

Conclusion

Despite existing evidence, there remains a need to bet-
ter define the optimal oxygenation targets in ARDS, and
how to safely titrate oxygen to achieve these but without
exposing patients to potentially injurious hyperoxia. Fur-
thermore, there remains a need to define hyperoxaemia,
with a pragmatic definition that can be evaluated by the
bedside clinician likely to be of most practical benefit.
In patients with ARDS, the predicted probability of both
ICU and hospital mortality was lowest when the average
time-weighted PaO, was between 12.5 and 14 kPa (93.8—
105.0 mmHg), suggesting this is a reasonable oxygena-
tion target for clinicians to aim for. A recently completed
clinical trial evaluating different oxygenation targets in
patients with systemic inflammatory response syndrome
(NCT02321072) will add to existing data in patients at
risk for ARDS and will help to inform clinicians about the
risks to their patients of different oxygenation targets.
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