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ABSTRACT

Objective

Conservative oxygen therapy is aimed at the prevention of harm by iatrogenic hyperoxia while
preserving adequate tissue oxygenation. Our aim was to study the effectiveness and clinical

outcomes of a two-step implementation of conservative oxygenation targets in the ICU.

Design

This was a before and after stepwise implementation study of conservative oxygenation targets,
between July 2011 and July 2014. The primary endpoint was the proportion of PaO, values within
the target range. Secondary outcomes included ventilator-free days (VFDs) at day 28, length of stay
(LOS), and mortality.

Setting

Three closed-format ICUs in the Netherlands.

Patients

We analysed data on 15,045 eligible admissions.

Interventions

The first implementation phase consisted of providing training and feedback on new guidelines
instructing for explicit targets for arterial oxygen tension (PaO, 55-86 mmHg) and oxyhemoglobin
saturation (SpO, 92-95%). In the second phase, bedside clinicians were additionally assisted in

guideline adherence by a computerized decision-support system.

Measurements and Main Results

The proportion of PaO, in the target range increased from 47% at baseline to 63% in phase 1and to
68% in phase 2 (P<0.0001). Episodes of hyperoxia decreased (P<0.0001), whereas hypoxic episodes
remained unchanged (P=0.06) during the study. Mechanical ventilation time was significantly lower
(P<0.01) during both study phases. After adjustment for potential confounders, VFDs in phase 1and
phase 2 were higher than baseline: adjusted mean difference 0.55 [95% CI 0.25, 0.84] and 0.48 [0.11,
0.86], respectively. Adjusted ICU mortality and intensive care unit free-days did not significantly
differ between study phases. Hospital mortality decreased in reference to baseline: adjusted OR
0.84 [95% CI 0.74, 0.96] for phase 1and 0.82 [95% CI 0.69, 0.96] for phase 2.

Conclusions

Stepwise implementation of conservative oxygenation targets was feasible, effective, and appeared
safe in critically ill patients. The implementation was associated with several changes in clinical

outcomes, but the causal impact of conservative oxygenation is still to be determined.

Trial registration: Netherlands Trial Register, number NTR3424



The application of oxygen has always been of undisputed importance in emergency and critical
care medicine. It is a highly effective therapy in preventing or compensating hypoxic injury and has
life-saving properties. However, the risks of excessive oxygenation have recently placed the liberal
use of oxygen in a new perspective. Oxygen is essential for cell metabolism and organ function,
but triggers free radical formation and induces hemodynamic and inflammatory changes in higher
doses (1-4). Furthermore, hyperoxia may promote lung injury during mechanical ventilation and
has been linked to poor outcome in various subgroups (5-10). A considerable proportion of patients
in the intensive care unit (ICU) is exposed to hyperoxia (11, 12), but preventive strategies may be
hampered by a lack of clinical trials. Guidelines are available for a limited number of subgroups and
are not easily extrapolated to universal recommendations for critically ill patients.

Conservative oxygen therapy is aimed at the prevention of iatrogenic hyperoxia while preserving
adequate tissue oxygenation through careful oxygen titration (13, 14). This pragmatic strategy is
increasingly advocated but its feasibility and effects on important clinical parameters are still to be
assessed (15, 16). We hypothesized that a stricter adherence to conservative oxygenation guidelines
may improve patient-centered outcomes by preventing derangements and inherent harm. Our aim
was to study the effectiveness and clinical outcomes of a two-step implementation of conservative

oxygenation targets in the ICU.

This was a before and after stepwise implementation study of conservative oxygenation targets in
the ICUs of three participating hospitals, including two academic and one large teaching hospital
in the Netherlands. The participating ICUs are mixed medical and surgical, tertiary care units, with
20-30 beds, where full responsibility for the patient and treatment is transferred to the critical
care physician.

The study was registered with the Netherlands Trial Register, number NTR3424. Ethical approval
was granted by the Medical Ethical Committee of the Leiden University Medical Center. The need
for informed consent was waived under Dutch National law for the type of study and in view of

the retrospective and anonymous data collection.

Arterial blood gas (ABG) analyses, concurrent ventilator settings, and hourly pulse oximetry data
recorded between July 1, 2011 and July 1, 2014 were extracted from the patient data management
system (PDMS) databases (MetaVision, iMDsoft, Tel Aviv, Israel) of participating ICUs. Data were
supplemented with anonymous demographic patient data, admission and discharge data, and data
to quantify severity of illness from the Dutch National Intensive Care Evaluation (NICE) registry,
a high quality database, which is subject to multiple quality checks and local audits in accordance

with applicable research and ethical protocols (17).
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All ABG data were used when analyzing the effects on oxygenation. For clinical endpoints,
data were summarized per patient admission and in case of readmissions only the first admission
was included. Analyses were conducted on data from all ICU patients with subgroup analyses on
mechanically ventilated patients. Patients on extracorporeal membrane oxygenation were excluded
from the study. Retrospective baseline analyses were performed over a 12-months period prior to

the implementation and details have been described previously (17).

At baseline, oxygen therapy was approached liberally and targets for the partial pressure of arterial
oxygen (PaO,) only specified a lower limit of 75 mmHg with liberal oxyhemoglobin saturation by
pulse oximetry (SpQ,), in the participating hospitals. Local guidelines instructed for a fraction
of inspired oxygen (FiO,) and positive end-expiratory pressure (PEEP) depending on individual
oxygenation measures and generally avoiding FiO, levels higher than 0.6 by increasing PEEP levels,
instituting inverse-ratio ventilation, or prone positioning.

The first implementation phase of this study started at July 2012 and consisted of providing
a written guideline, instructing to supply as little oxygen as possible with clear recommendations
how to adapt oxygen administration and ventilator settings depending on ABG analyses. Guidelines
were available as pocket cards, on posters, and electronically in participating hospitals. The study
P3O, and SpO, targets were set between 55 and 86 mmHg, and 92-95%, respectively, and were
chosen since they were considered safe, feasible, and consistent with previously suggested
targets (18, 19). In patients with severe cardiac ischemia, cerebral ischemia, or untreatable anemia,
higher target levels up to 105 mmHg were allowed. Repeated passive and interactive education on
the rationale of conservative oxygenation targets and a clear description of preferred PEEP/FiO,
combinations were provided to all ICU clinicians in the participating hospitals. Baseline strategies
for protective ventilation remained unchanged and during all study phases guidelines instructed for
tidal volumes between 6-8 ml/kg ideal body weight, PEEP levels between 5-24 cm H,O, respiratory
rate between 8-35 per minute and pH higher than 7.2. During the first study phase feedback was
provided by statistical process control (SPC) and involvement of local leadership to promote
a culture that supports guideline compliance. SPC was provided through newsletters and posters
showing a summary of the guideline and the results of the previous time period including plots
with mean and confidence interval statistics per week for oxygenation in range, PaO,, SpO,, FiO,,
and PEEP.

In the second and last phase of this study, from December 2013 till July 2014, a computerized
decision-support system (CDSS) was introduced in the active, critiquing mode, meaning that it will
automatically give decision-support, but only if the actual situation is not according to the guideline
provided in phase 1 (20, 21). Raw data of all registered measurements were used for CDSS and
filtered on data quality. A pop-up window appeared in the PDMS for bedside clinicians if either
PaO, in ABG analysis was higher than the upper level or SpO, measurements were continuously
higher than or equal to 97% for at least 30 minutes. The event was only triggered if the FiO, or

PEEP level was not lowered within 40 minutes after registration of out-of-range oxygenation and



the previous notification was more than three hours ago. The notification window suggested to
adjust oxygen administration and/or ventilator settings for a maximum of two times per shift and
not within the first three hours of ICU admission. Measures from the first phase of implementation
were also continued using repeated training and feedback. The implemented guidelines and CDSS
were introduced with an intention-to-treat approach. Actual decisions to change the settings or

targets were left to the discretion of the attending physicians and nurses in the ICU.

The primary endpoint was a priori defined as the proportion of PaO, values within the targeted
study range. Secondary outcomes included ventilator-free days at day 28 after admission, duration
of mechanical ventilation, length of stay (LOS), and mortality. PaO, according to study protocol was
defined as 1) any PaO, in target range; 2) any PaO, higher than target range with concurrent FiO,
at 0.21 and PEEP at 5 or followed by a decrease in FiO, or PEEP; 3) any PaO, lower than target range
with concurrent FiO, at 1.0 and PEEP at 24 or followed by an increase in FiO, or PEEP. Hyperoxia was
defined as any PaO, higher than 120 mmHg (22, 23) and hypoxia as any PaO, lower than 45 mmHg.

Mechanical ventilation time was calculated as the sum of all mechanically ventilated episodes
during the same admission. The ventilator-free days (VFDs) were calculated as the number of
ventilator-free days and alive, 28 days after ICU admission according to a previously described
definition (24). Accordingly, the intensive care unit-free days (ICUFDs) were calculated as
the number of days not spent in the ICU and alive at day 28. Oxygenation index was calculated as
the FiO,/PaQ, ratio multiplied by the concurrent mean airway pressure. The standardized mortality
ratio (SMR) was calculated using the APACHE IV predicted mortality.

The study was designed to detect a 5% difference in the primary endpoint with 98% power, assuming
5000 ICU admissions in the participating hospitals per year.

Every set of ABG data and ventilator settings could be compared with the following set, as
described previously (11, 25). Means with standard deviations and medians with interquartile ranges
are provided according to the underlying distribution. In some cases, both means and medians are
provided in order to comprehensively summarize the data. Differences between study phases were
tested with ANOVA or Kruskal Wallis as appropriate. Multivariate analyses were performed using
generalized linear regression models for ventilator-free and ICU-free days and logistic regression
for mortality while adjusting for confounding covariates. Confounding variables were stepwise
selected using the 10% change-in-estimate method (26). Propensity scores were included in
the multivariate models in order to adjust for each patient’s propensity to be admitted during either
study phase. Variables included in the propensity score model were age, sex, hospital, APACHE IlI
score, admission type, admission source, planned admission, co-morbidities, vaso-active drugs
in the first 24 hours of admission and confirmed infection within 24 hours of admission. Mixed-
effects models with random intercepts were performed to account for random effects within

patients or hospitals. Inspection of the variance inflation factors indicated absence of important
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multicollinearity in the multivariate models. All analyses were conducted using R version 3.1.3 (R
Foundation for Statistical Computing, Vienna, Austria) and RStudio version 0.98.1103 (RStudio Inc,
Boston, MA).

In total, 295,701 ABG analyses were obtained over the baseline and implementation period. After
excluding readmissions, 15,045 patients were included (Table1). Eligible patients were predominantly
male (64.2%), with a median age of 65 years. The majority of patients were mechanically ventilated
at any time (81.8%) during admission and 17.3% was ventilated for more than 48 hours. Patient
characteristics were comparable across study phases in terms of age, sex, body mass index, planned
admission rate, illness severity, and several co-morbidities. The percentage of medical admissions
increased from 33.7% at baseline to 36.8% in phase 1and 38.1% in phase 2.

During the study, median levels of arterial oxygen pressures (PaO,), oxyhemoglobin saturation
(SpO,) and central venous oxygen saturation (ScvO,) decreased significantly (Table 1). Lactate was

slightly higher during phase 2, but not during phase 1.

The proportion of ABG analyses with a PaO, in the targeted study range was markedly higher after
implementation and increased from 47% during baseline to 63% in the first implementation phase
and 68% during the second implementation phase (Table 2).

The mean difference between baseline and phase 1 was 16.1 [95% Cl 15.8, 16.5] and 21.0 [95% CI
20.5, 21.5] between baseline and phase 2. The compliance showed a gradual increase during the 12
months of phase 1, but in comparison to the end of phase 1 no further improvement was found after
implementation of the CDSS in phase 2 (Fig. 1).

The proportion of PaO, in range per patient admission, increased from 38% at baseline to 53%
in phase 1 and 57% in phase 2. PaO, within target range as well as PaO, outside target range but
promptly followed by adequate adjustments of oxygen administration or ventilator settings (PaO,
according to study protocol) increased from 72% to 86% and 90%, respectively. The proportion of
SpO, measurements in the target range increased from 16% to 25% and 27%, respectively. PaO, levels
showed a rapid and persistent decline after the study start (supplemental figures, Supplemental
Digital Content 1). The incidence of hyperoxia decreased from 15.3% during baseline to 9.0% and
7.6% in phase 1 and phase 2, respectively. The incidence of hypoxic episodes (<45 mmHg) did not
essentially change (0.4% during baseline, 0.5% during both implementation phases).

In mechanically ventilated patients, the oxygenationindexand FiO, levels decreased significantly
during the study, along with an increase in PaO,/FiO, ratio (Table 1). PEEP levels increased marginally
in phase 2, and were adjusted less frequently than FiO, levels in all study phases. Mean airway
pressures remained unchanged. Oxygenation higher than the upper study limit was less commonly
observed after implementation and FiO, and PEEP levels were more frequently lowered in these
cases (Table 2). Likewise, these ventilator settings were more frequently increased when Pao, levels

were lower than the lower study limit.
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Measures of implementation and oxygenation during all study phases

Study phase

Total Baseline Phase1l Phase 2 P-value
Pao, in target range, % 579 46.7 62.8 67.7 <0.0001
SpO, in target range, % 22.2 16.0 24.6 26.6 <0.0001
Pa0, in target range per patient, % 48.6 38.0 52.5 56.8 <0.0001
PaO, according to study protocol, % 81.8 72.2 85.9 89.5 <0.0001
PaO2 > upper study limit, % 39.4 51.3 341 29.0 <0.0001
of which followed by decrease in FiO, or PEEP, %° 45.7 39.6 50.3 55.9 <0.0001
PaO, < lower study limit, % 2.8 2.0 3.2 3.3 <0.0001
of which followed by increase in FiO, or PEEP, %° 56.4 524 55.0 66.6 <0.0001
Pa0,>120 mmHg, % 1.0 15.3 9.0 7.6 <0.0001

PaO2 <45 mmHg, % 04 04 0.5 0.5 0.06
ABG per patient, n 7(4-16)  7(4-17) 6 (4-16) 6 (4-15) <0.0001
ABG per 24 hours, n 54-6)  5(4-7) 5(4-6) 4(3-6) <0.0001

Abbreviations: ABG, arterial blood gas; PaO,, partial pressure of arterial oxygen; FiO,, fraction of inspired oxygen;
PEEP, positive end-expiratory pressure; SpO,, oxyhemoglobin saturation by pulse oximetry.

°Data in italics are subanalyses on mechanically ventilated patients of which PaO, was higher than the upper limit or
lower than the lower limit.
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Study weeks

Percentage of arterial blood gas analyses in targeted oxygenation range during baseline and
study phases.
Blue scatters are weekly means of primary outcome with weighted regression lines (95% Cl) per study phase.
Red horizontal lines are study phase means with SD
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Crude clinical outcomes during all study phases

Study phase
Total Baseline Phase 1 Phase 2 P-value
All patients, n 15045 4890 7148 3007 -

ICU LOS

Mean, days 3.4 (6.5) 3.4 (6.8) 3.5(6.5) 34 (59) 0.72

Median, days 1.4 (0.8-3.1) 1.1(0.8-3.0) 1.5(0.8-3.2) 1.7 (0.9-3.6) <0.0001
Hospital LOS

Mean, days 14.3 (17.1) 14.7 (18.0) 14.2 (17.) 13.8 (15.5) 0.04

Median, days 9 (6-16) 9 (6-16) 9 (6-16) 8 (5-16) 0.22
ICUFDs, days 21.6 (9.2) 21.5(9.5) 21.7(9.1) 21.6 (8.9) 0.63
ICU mortality, n 1487 (9.9%) 475 (9.7%) 709 (99%) 303 (10.1%) 0.86
Hospital mortality, n 2063 (13.7%) 723 (14.8%) 942 (13.2%) 398 (13.2%) 0.03
SMR [95% Cl] 0.78[0.75,0.82] 0.84[0.77,0.90] 0.75[0.70, 0.80] 0.76 [0.69, 0.84] 0.01

Mechanically ventilated at 12206 (81.1%) 4043 (82.7%) 5789 (81.0%) 2374 (78.9%) 0.0003
any time, n
Mechanical ventilation time

Mean, hours 469 (1M.4) 50.7 (129.8) 46.0 (103.9) 42.5(93.7) 0.01

Median, hours  10.8 (5.2-39.0) 11.4 (6.0-40.3) 10.8 (5.0-38.8) 9.4 (4.6-36.4) <0.0001
ICU LOS

Mean, days 3.8(71) 3.8(7.4) 39 (71) 3.8 (6.5) 0.63

Median, days 1.7 (0.9-3.8) 1.3 (0.8-3.6) 1.7 (0.9-3.8) 1.8 (0.9-4.0) <0.0001
Hospital LOS, days

Mean, days 14.3 (17.2) 14.7 (18) 14.3 (17.3) 13.7 (15.7) 0.09

Median, days 9 (6-16) 9 (6-16) 9 (6-16) 8 (6-15) 0.22
VFDs, days 22.3(9.4) 22.1(9.6) 22.5(9.3) 22.5(9.3) 0.10
ICUFDs, days 21.1(9.6) 21.0 (9.8) 21.1(9.5) 21.0 (9.4) 0.78
ICU mortality, n 1393 (11.4%) 452 (11.2%) 663 (11.5%) 278 (11.7%) 0.80
Hospital mortality, n 1802 (14.8%) 634 (15.7%) 824 (14.2%) 344 (14.5%) 0.13
SMR [95% ClI] 0.80[0.76, 0.84] 0.85[0.78,091] 0.77[0.71,0.82] 0.80[0.71,0.88] 0.01

Data are means (standard deviation), or medians (interquartile range) according to distribution, unless stated
otherwise. Abbreviations: ICU, intensive care unit; LOS, length of stay; ICUFDs, intensive care unit-free days
and alive at day 28; VFDs, ventilator-free days and alive at day 28; SMR, standardized mortality ratio according to
APACHE IV model.

Secondary outcome measures are listed in Table 3 and depicted in the supplemental figures.

ICU mortality and ICUFDs did not differ between study phases. The median ICU LOS was longer
in phase 2 compared to phase 1 and baseline, whereas the mean ICU LOS remained unchanged.
Median hospital LOS did not change and hospital mortality decreased from 14.8% during baseline to
13.2% during both implementation phases. Standardized mortality ratios and Kaplan-Meier curves
for survival and mechanical ventilation time are shown in more detail in the supplemental figures.

For patients requiring mechanical ventilation at any time (n=12,206), median mechanical

ventilation time decreased from 11.4 hours at baseline to 10.8 in phase 1 and 9.4 hours in phase 2.



Mortality rates showed no statistically significant change in this subgroup. The VFDs increased from
22.1 to 22.5 days after implementation. For the smaller cohort of patients who were ventilated for
more than 48 hours (n=2,609), no significant differences for major outcome measures between
study phases were observed (Supplemental Tables, Supplemental Digital Content 2). For surviving
patients, mechanical ventilation time decreased, ICU LOS increased, whereas hospital LOS remained
unchanged over the study time (Supplemental Tables, Supplemental Digital Content 2).

Separate analyses for the effect of the implementation in the individual participating ICUs are
shown in the supplemental tables. Similar improvements in PaQ, in target range were found in each
ICU. In one of the units, the proportion of medical admissions increased markedly in phase 1 and
phase 2, and potentially related to this, a concurrent increase in ICU LOS was found. The effect sizes

of other outcome measures were in the same order of magnitude for all three ICUs.

When the model for the proportion of PaO, samples in the target range was reanalysed in mixed-
effects models, the associations were virtually unchanged (data not shown). The crude and adjusted
estimates were calculated as mean differences or odds ratios per study phase in reference to
baseline and were adjusted for identified confounders and propensity scores (Table 4). No increase
in ICUFDs was found in either the unadjusted or adjusted analyses. After adjustment, the increase
in VFDs was stronger. There were no statistically significant differences in ICU mortality, whereas
the odds ratios for hospital mortality were lower in both implementation phases, after adjustment

for confounders.

Clinical outcomes with adjustment for confounders

Study phase 1 Study phase 2
Unadjusted Adjusted Unadjusted Adjusted
Mean difference [95% Cl]
VFDs? 0.38 [0, 0.76] 0.55[0.25,0.84]* 0.39[-0.08,0.87] 0.48[0.11, 0.86]*
ICUFDs® 016[-017,0.50] 016[-011,0.42] 0.08[-0.34,0.50] 0.10 [-0.23, 0.43]
QOdds ratio [95% Cl]
ICU mortality© 1.02 [0.91,1.16] 1.09 [0.93,1.27] 1.04[0.89,1.21] 1.09 [0.90, 1.32]
Hospital mortality® 0.87[0.79,097]* 0.84[0.74,096]* 0.88[0.77,1.00]  0.82[0.69, 096]*

Multivariate models were adjusted for admission type, APACHE Ill score and propensity score (for admission during
either phase 1 or phase 2). Abbreviations: ICUFDs, intensive care unit-free days and alive at day 28; VFDs, ventilator-
free days and alive at day 28. * Mean difference in ventilator-free days in reference to baseline for subgroup of
mechanically ventilated patients. ® Mean difference in intensive care unit-free days in reference to baseline for all
patients. © Odds ratio (OR) for indicated mortality in reference to baseline for all patients. * P<0.05
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In this multicenter clinical trial, stepwise implementation of a strategy targeting conservative
oxygenation levels through education, feedback, and decision support was shown to be feasible
and effective in critically ill patients. Targeting PaO, levels of 55-86 mmHg and SpO, levels of 92-95%
resulted in lower but safe oxygenation levels of arterial blood. Taking the before after design in
consideration, this study was limited in the ability to address the clinical impact of our strategy. In
adjusted analyses, implementation of the study protocol was associated with a slight improvement
in ventilator-free days and hospital mortality. However, ICU-free days and ICU mortality were

unaffected over the study time.

The proportion of PaO, samples in the target range (primary outcome) increased strongly in
the first study phase in which traditional implementation strategies were applied. These strategies
consisted of education for all ICU nurses and physicians, providing written guidelines on targets and
ventilator settings, and frequent feedback using statistical process control. In contrast, the CDSS,
which was offered in phase 2, had no additional effect on the primary outcome and may even have
been somewhat counterproductive. However, phase 2 was shorter than phase 1 and trends could
therefore be assessed with less precision. A ceiling effect of modifiable oxygenation should also
be considered as ventilator settings are often initiated outside the ICU (e.g. during anesthesia or at
the emergency room) and first ABG samples, taken shortly after ICU arrival, were responsible for an
important part of these out-of-range samples. Other reasons for a ceiling effect can be postulated
in terms of knowledge barriers, attitude barriers, and behavioral barriers (27). Barriers include
reluctance of clinicians to adhere to new guidelines, resistance to change, and reluctance to replace
pre-existing guidelines (28-30). Guideline implementation strategies were previously shown to
be successful when strategies were multifaceted and actively engaged clinicians throughout
the process (31). Although CDSS is usually beneficial (32), its effects in a multifaceted approach
may be less (cost-)effective (33-35). An alternative explanation for the apparently paradoxical
course of compliance in phase 2, is that traditional implementation was so successful that no
additional benefit could be achieved by a decision support module. However, we cannot rule out
that prolonged CDSS, different algorithms, more frequent reminders, or more specific suggestions
to change ventilator settings, could have been more effective. During phase 2, the proportion of
PaO, values within range was even somewhat lower than at the end of phase 1. Although this may
be normal fluctuation by chance, decision support may alternatively induce passive behavior of
bedside clinicians leading to slower adjustments of ventilator settings. Even after implementation
of conservative oxygenation targets, approximately 30% of PaO, and 70% of SpO, measurements
was higher than the target range. The latter marker of oxygenation is indeed less reliable and more
variable, albeit the percentage of registered values increased significantly with implementation.
The proportion of samples according to protocol, also including PaO, outside the limits followed by

appropriate adjustments of oxygen and ventilator settings, was much better, reaching almost 90%



at the end of the study. In this respect, phase 2 was superior to phase 1, in line with other clinical
outcome measures in multivariate analyses. Controlled evidence is warranted to further evaluate

CDSS in comparison to traditional training and feedback (21).

The following potential limitations of this study should be considered. First, the non-randomized
intervention in this clinical trial hampers causal inferences, especially regarding effects on
relevant clinical patient outcomes. Differences in case-mix between the baseline period and both
implementation phases may have been responsible for differences in outcomes such as length of
stay, mechanical ventilation time, or hospital mortality. However, demographic characteristics
and illness severity scores were very similar across the study periods and multivariate analyses
were adjusted for confounders and propensity scores. The longitudinal design of this study yields
potential bias as outcomes of ICU patients may improve over time due to factors other than
oxygenation targets. Hypothesizing that attentive monitoring of oxygenation and ventilation
improves outcome, study awareness may elicit attention bias. Indeed, we could not fully control
for secular trends and potential changes in clinician behavior and ventilation management during
the study. Interestingly, improvement of clinical outcomes was observed in all three ICUs during
the first implementation phase, but without a further improvement after adding CDSS. Also, during
the 12 months baseline period, no significant trends to improved survival, LOS, or mechanical
ventilation time were found.

General oxygenation strategies were specified as much as possible, but specific and individual
oxygenation strategies were left to the discretion of the participating centers and responsible
clinicians. In this context, individual cases with amended target ranges including patients with
severe anemia or ischemia were not specifically registered in the database. Hospital related
differences in case-mix, patient care, and gquideline adherence may accordingly influence
the overall-effects, although there was a consistent signal for end points in the sensitivity analyses,
even when wider PaO, target levels up to 105 mmHg were used for analysis. The only exception was
ICU LOS which increased only in the ICU where an increase in the proportion of medical admissions
was found. The finding that median ICU LOS increased during the study should therefore be
interpreted with caution. Accordingly, in the multivariate analysis, also adjusting for admission type,
no association between ICUFDs and implementation was found. Finally, our findings may not be
directly generalizable to other ICUs although we believe that the inclusion of patients from three
participating hospitals during two years can robustly represent a general ICU population. At least it
shows the feasibility of conservative oxygen therapy with strict adherence to oxygenation targets.

Strengths of this study include the multicenter trial participation, the large patient cohort,
the quality of the database, and the possibility to control for many covariates. Further, our findings
are consistent with a previous single-center pilot study reporting compliance with targeted
saturation in a small sample of mechanically ventilated patients (13). In this study, conservative
oxygen therapy was shown to be free of adverse biochemical, physiological, and clinical outcomes.
The present study confirms these findings on a larger scale and also demonstrates the feasibility of

PaO, targets.
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In mechanically ventilated patients, we could not demonstrate an improvement in mortality rates
and LOS, yet mechanical ventilation time decreased in a significant manner. Potential mechanisms
underlying the observed effects in clinical outcomes are multifarious. Precise control of arterial
oxygenation avoids significant variation from the target range and may successfully reduce
the harms associated with unnecessary extremes (15). In addition, conservative oxygen therapy
may contribute to acclimatization and cellular adaptation to mild hypoxia, which may result in
improved efficiency of ATP production and protection of mitochondria (15). Reducing the exposure
to hyperoxia may decrease mechanical ventilation time by preventing absorption atelectasis,
pulmonary inflammation, and other histopathological changesin thelung (1, 4, 9). Patient-centered
outcomes are also likely to be impacted by reactive oxygen species, oxygen-induced cardiovascular
alterations (2), oxidative DNA damage (36) and mediators of oxygenation. Interestingly, hospital
mortality decreased during the study whereas ICU mortality remained unchanged. This observation
is in agreement with results from pooled cohort studies, showing that arterial hyperoxia was
associated with hospital mortality but not specifically with ICU mortality (10). Clinical improvements
may alternatively be attributed to behavioral changes in clinical practice and precise control of
oxygenation, rather than to the prevention of hyperoxia per se (37).

The oxygenation ranges used in this study were chosen based on previous recommendations
(18, 19). In accordance, this range was within the standard of care and no reasonably foreseeable
risks of the actually achieved oxygenation were anticipated. Although other target ranges for
conservative oxygen therapy may well be as good as or even better than the range we studied (14),
our approach was safe in terms of major clinical end points. Also, the incidence of severe hypoxia
was rare and did not increase over time. In comparison to baseline, tissue oxygenation represented
by arterial lactate or oxygenation index did neither deteriorate. Moreover, the higher percentiles
of lactate levels remained virtually unchanged (data not shown). In prospective evaluation of
conservative oxygenation, a randomized intervention, alternative mediators and the effects on

specific parameters including hemodynamics and the microcirculation are still to be assessed.

Stepwise implementation of conservative oxygenation was feasible and showed a rapidly established
high compliance to targeted arterial oxygen and saturation levels. The gradual improvement in
guideline adherence was accompanied by a slight improvement in several clinical outcomes, but
this should be interpreted with caution in view of the study design. Future randomized controlled
studies should further clarify the causal effects of oxygenation targets on clinical outcomes for
ICU patients.
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