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ABSTRACT

Background: Cardiac surgery utilizing cardiopulmonary bypass (CPB) is one of the most common forms of major surgery.
Cardiac surgery—associated multiorgan dysfunction (CSA-MOD) is well recognized and includes acute kidney injury (AKI),
hepatic impairment, myocardial damage, and postoperative neurologic deficit. Pathophysiology of CSA-MOD involves
numerous injurious pathways linked to the use of CPB including oxidative stress and formation of reactive iron species.
During cardiac surgery with CPB, arterial return blood is oxygenated to supranormal levels. This study aimed to determine
whether the avoidance of arterial hyperoxemia decreased oxidative stress and reduced the severity of the multiorgan dysfunc-
tion in patients undergoing cardiac surgery utilizing CPB.

Methods: The study was a multicenter, open-label, parallel-group, randomized controlled study of the avoidance of arterial
hyperoxemia versus usual care in patients undergoing cardiac surgery involving CPB. Primary outcome was the incidence and
severity of AKI. Secondary outcomes included serum biomarkers for CSA-MOD, duration of mechanical ventilation, and
length of intensive care and hospital stay.

Results: A total of 298 patients were randomized and analyzed at two hospitals in New Zealand and Australia. Mean Pao,
was significantly different between groups during CPB. There was no difference in the development of AKI (intervention
arm 72.0% vs. usual care 66.2%; difference, -5.8% [95% CI, -16.1 to 4.7%]; P = 0.28), other markers of organ damage, or
intensive care unit and hospital length of stay.

Conclusions: Avoiding modest hyperoxemia during CPB failed to demonstrate any difference in AKI, markers of organ dam-

age, or length of stay. (ANESTHESIOLOGY 2016; 125:465-73)
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The potential for arterial hyperoxemia during cardiopulmonary
bypass to produce organ damage is an area of interest and
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trial to address the potential of organ injury from perioperative
hyperoxemia during cardiopulmonary bypass

e The authors show that avoiding hyperoxemia during cardio-
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drugs in medicine.? While the risks associated with hypoxemia
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emia could also induce detrimental systemic effects.>” pulmonary bypass was safe but failed to demonstrate a differ-
Cardiac  surgery—associated multiorgan dysfunction ence in organ damage

(CSA-MOD) is well recognized and includes cardiac sur-

gery—associated acute kidney injury (CSA-AKI), acute  but is thought to involve numerous injurious pathways

hepatic impairment, myocardial damage, and postoperative  including the development of oxidative stress and cellular

neurologic deficit.® The etiology of CSA-MOD is complex ~ damage caused by excess reactive oxygen species.” Animal
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data suggest that these effects may be amplified by exposure
to hyperoxemia, which is common during CPB.” Although
there is a considerable overlap between them, the principal
processes include exposure of circulating blood to nonbio-
compatible surfaces and erythrocyte damage and hemoly-
sis caused by mechanical stress from the blood circulating
pumps and the blood-gas interfaces in cardiotomy suc-
tion. The subsequent activation of inflammatory pathways,
ischemia—reperfusion injury, decreased end-organ perfusion,
and hemolysis are contributors to CSA-MOD.® These com-
plications result in significant morbidity and mortality, as
well as in increased intensive care and hospital length of stay
and consequential increases in healthcare costs.®

Although the deleterious effects of CPB affect all body
systems, they are most marked on the kidney, with renal
damage occurring in up to 30 to 70% of patients, depend-
ing on the definition used.” Oxidative stress, the creation
of oxygen free radicals and heme- or iron-containing reac-
tive oxygen species, is recognized as an important factor in
the development of CSA-AKI.'*1? The production of these
toxic molecules is in part dependent on arterial oxygen levels.
There is also evidence suggesting that high levels of arterial
oxygenation may exacerbate ischemic-reperfusion injuries,
and this effect is attenuated by avoiding hyperoxemia.!>!4
Hyperoxemia has also been shown to have significant adverse
hemodynamic effects after coronary artery bypass surgery.!®

Current standard practice is to use supranormal arterial
blood oxygen tensions during CPB; however, increasing
availability of real-time continuous in-line blood gas analy-
sis now provides the opportunity to safely use lower, more
physiologic arterial oxygen tensions.

We hypothesized that the avoidance of perioperative arte-
rial hyperoxia decreased the degree of oxidative stress and
therefore the severity of the CSA-MOD after cardiac surgery
utilizing CPB.

Materials and Methods

A prospectively randomized, open-label, parallel-group,
phase IIb interventional study was undertaken in two met-
ropolitan hospitals: one in New Zealand and one in Austra-
lia. The study was approved by the local ethics committees
at each site (12/NTA/15 Northern A Health and Disabil-
ity Ethics Committee, New Zealand, and Calvary Health
Care Adelaide Human Research and Ethics Committee
13-CHREC-F001, Australia).

Patients were approached in hospital before surgery, the
study was discussed, and written informed consent to par-
ticipate was obtained by trained research staff from all study
participants before enrollment. The trial was prospectively
registered with the Australia and New Zealand Clinical Trials
Registry: 12612000756820 (http://anzctr.org.au/).

Participants were eligible for inclusion if they were 16 yr
of age or older and undergoing scheduled cardiac surgery
utilizing CPB. Exclusion criteria were any of the following:
acute renal failure (acute increase in serum creatinine more

Anesthesiology 2016; 125:465-73

466

The SO-COOL Study

than 50% from baseline in the 6 weeks before surgery), pre-
operative end-stage renal disease (serum creatinine more
than 3.4 mg/dl) or receiving any form of renal replacement
therapy, preoperative hepatic dysfunction (aspartate ami-
notransferase [AST] more than 2x upper limit of normal),
recent (less than 6 weeks) cerebrovascular event (including
cerebrovascular accident, transient ischemic attack, or intra-
cerebral bleed), pregnancy, planned hypothermic circulatory
arrest, or preoperative intraaortic balloon pump.

After enrollment, patients were randomized 1:1 in blocks
of 8 to the intervention or usual care, with the sequence gen-
erated by an independent statistician. To facilitate balance in
severity between treatment arms, patients were further strati-
fied according to risk of AKI using well-recognized criteria.'®

Allocation concealment was maintained until the time
of randomization by using opaque, sealed, sequentially
numbered envelopes, prepared by a person independent of
the study.

The intervention group received protocolized control
of arterial oxygenation from induction of anesthesia until
the end of surgery to maintain arterial oxygen tensions of
75 to 90 mmHg. It was recommended that hyperoxemia
be avoided during anesthetic induction and the prebypass
period to target peripheral oxygen saturation (Spo,%) 92 to
95%. It was acknowledged that not all anesthetists would be
comfortable with this approach and might wish to adminis-
ter 100% rio, (as opposed to the recommended target Spo,
of 92 to 95%) during part or all of the pre- and post-CPB
period. During CPB, the oxygen tension of the arterial
return blood flow target was 75 to 90 mmHg using con-
tinuous, in-line, real-time blood gas monitoring (Terumo
CDI 500, Terumo Corporation and Spectrum M4, Spec-
trum Medical, UK), providing arterial saturation more than
or equal to 97% (if less than 97% then the Pao, was to be
increased beyond 90 mmHg).

The control group received usual care, including selection
of appropriate supplemental oxygen by the treating anesthe-
tist and clinical perfusionist. Both the centers participating
in this study do not routinely use a o, of 1.0 during CPB,
rather Fio, is titrated to maintain a circuit arterial saturation
of more than or equal to 99%.

The conduct of CPB followed normal clinical practice
(crystalloid prime, mild hypothermia, -34° to 32°C; target
hematocrit, more than 0.23, flow index, 2.0 to 3.0L min™!
m™% mean arterial pressure, more than 50 mmHg). Alpha-
Stat blood gas management was used, and the oxygenator
gas rl0, was titrated to meet the study protocol. All other
anesthetic, CPB, and surgical care were provided at the dis-
cretion of the clinician.

We used dedicated research nurses to collect data using
paper case report forms. Data included demographic data
(i.e., age, ethnicity, body mass index, comorbidities), intra-
operative data (i.e., surgery type, CPB, and aortic cross-
clamp time), postoperative data (i.e., requirement for renal
replacement therapy, length of mechanical ventilation, and
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length of stay in intensive care unit [ICU] and hospital), and
biochemical data (arterial blood gas measurement, serum
creatinine, urea, hemoglobin, selenium, C-reactive protein,
high-sensitivity troponin T, AST, and amylase were all mea-
sured immediately before surgery and at 6 and 24 h after com-
mencement of CPB). Serum creatinine was also recorded, if
measured, on postoperative days 1 to 5. Hourly urine output
measures were performed up to day 5 if the patient remained
catheterized and in the ICU. All patients were contacted 28
and 90 days after randomization to ascertain mortality and
requirement for renal replacement therapy.

The primary outcome was the difference in CSA-AKI
during hospital admission as determined by the Kidney
Disease: Improving Global Outcomes (KDIGO) AKI Work
Group guidelines."” Secondary outcomes included changes
in multiple markers of end-organ damage (troponin, AST,
amylase, C-reactive protein) and length of mechanical venti-
lation, intensive care, and hospital stay. Process of care data
was collected to determine the actual difference in arterial
oxygen tension between the two groups and amount of
inspired oxygen (r10,%) used by the anesthetist before com-
mencement of CPB.

As a phase IIb equivalent study of a novel therapeutic
intervention, we were seeking to provide proof of concept,
evidence of potential efficacy, and sufficient information to
enable rigorous design of a definitive phase IIT study.

Sample size calculations were based on the findings of a
previous study of CSA-AKI in which a 20% reduction in the
prevalence of AKI was observed.!® Using our hospital database,
the baseline incidence of CSA-AKI using KDIGO criteria was
67%. Sample size calculations were based on the desire to have
an 80% power to reduce this incidence from 2 in 3 to 1 in 2 with
a two-sided P value of 0.05. This equates to a raw difference of
17% (67 vs. 50%) and a relative risk reduction of 25%. A rela-
tive risk reduction of 25% is considered clinically significant
and is less than that used in previous studies of CSA-AKI.!?2
To facilitate this, 286 patients were required. To account for
possible loss to follow-up, 298 patients were enrolled. When
considering secondary variables, these 298 patients further
enabled an 80% power to detect a difference in continuous
outcomes equivalent to one third of a standard deviation with
a two-sided P value of 0.05. A difference of this magnitude was
perceived to be of clinical importance.

Statistical Analysis

All analysis was performed according to the intention-to-
treat principle using SAS version 9.4 (SAS Institute Inc.,
USA). Group comparisons in the primary outcome were
made using chi-square tests for equal proportion (or Fisher
exact tests where numbers were small), Student’s ¢ tests for
normally distributed data, or Wilcoxon rank sum tests other-
wise. Results are presented as n (%), mean (SDs), or median
(interquartile range). Repeated measures data were analyzed
using mixed linear models fitting main effects for treatment,
time, and an interaction between treatment and time to
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determine if the groups behaved differently over time, with
results present as least square means (SEs). Risk stratification
was not utilized for analysis nor were center effects included
in the model. A two-sided P value of 0.05 was considered to
be statistically significant.

Results

During the period from December 2012 to May 2014,
305 patients were enrolled, of which 298 patients were ran-
domized at two hospitals (fig. 1).

Seven patients were not randomized before surgery due
to changes caused by alterations in the operative schedule.
Of those randomized, 148 were allocated to usual care and
150 to intervention. No subjects were lost to follow-up, and
all had the primary and secondary outcomes available for
analysis. Data were available for analysis of primary outcome
for all 298 participants. Baseline characteristics of study par-
ticipants are described in table 1.

No adverse events or side effects of treatment were
recorded in study participants. A total of nine participants
(3%) died: eight died postoperatively in the ICU and
one died after discharge from hospital but before day 28
postoperative.

Treatment Administered

Excellent treatment separation was achieved between the
two groups during the bypass phase, but Pao, values pre- and
post-CPB were similar in both groups (fig. 2).

The pre-CPB value was measured immediately before
commencement of CPB. The post-CPB value is an average
of the values recorded every 10 min from the end of CPB to
the completion of surgery. The ICU value is the average of
values recorded for 6h from admission to ICU. Values are
presented as means, and error bars show SEM. Both groups
had rio, titrated to meet the protocol (intervention arm) or
as per usual practice (control arm; fig. 3).

There was no difference between the intervention and
control arms in respect to the management of blood flow
(2.6 5. 2.5 1 m™? min™": P = 0.06) and oxygen delivery index
(320 vs. 324ml min"! m™?, P = 0.53) during CPB. Both
arterial (97.2 vs. 99.0%, P < 0.001) and venous (78.6 vs.
81.7%, P < 0.001) saturations of blood in the CPB circuit
were lower in the intervention arm.

Primary Outcome

There was no significant difference in the occurrence of
renal dysfunction between groups as measured by KDIGO
and based on change in either urine output or creatinine

(table 2).

Other Clinical Outcomes of Interest

There was no significant difference found between the two
groups in the multiple biomarkers measured at baseline, 6
or 24h after commencement of CPB (table 3). There was
also no difference seen in ventilation hours, ICU or hospital
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Assessed for eligibility
N=736

The SO-COOL Study

(Excluded n=431

——

Enrolled
N=305

Declined participation n=86

Exclusion criteria present n=36

Enrolled in competing study n=95

Unavailability of research staff n=35

Unavailability of CDI 500 monitor n=78
\Other reason n=101
(Excluded n=7

Surgery cancelled
Change in anaesthetist

Withdrew prior to surgery

3 3 3 33
TR
SAANaN

: Unavailability of research staff
—[ R o ]7 \_Unavailability of CDI 500 monitor
N
Randomized to Randomized to usual
intervention care
N=150 N=148
J J/
Lost to follow up Lost to follow up )
N=0 N=0
Analyzed ) Analyzed )
N=150 N=148
Fig. 1. Participant flow-through study.
Table 1. Baseline Characteristics of Study Participants length of stay, and requirement for renal replacement ther-
apy or mortality to day 90.
Usual Care Intervention 24 v Y
(n = 148) (n = 150)
Gender, n (%) Discussion

Male 110 (74) 108 (72) This study assessed the avoidance of hyperoxemia in adult

Female 38 (26) 42 (28) . d . di . hieved
Ethnicity, n (%) patients undergoing cardiac surgery using CPB. We achieve

Europ:aan 113 (76) 113 (75) excellent treatment separation once the participant was on

New Zealand Maori 4(9) 20 (13) CPB but failed to demonstrate any significant difference in

Pacific Island 9 (6) 6 (4) the incidence of AKI, other measures of CSA-MOD, or ICU

Asian 2(1) O (0) and hospital length of stay.

Other 0(7) 1(7) To our knowledge, this is the first study to utilize real-
Age (yn), mzean (range) 65 3 (30-90) 65 8 (20-88) time in-line arterial blood gas analysis to avoid periopera-
EMI (kg/m I)I, mezrj (Sllj)QR 2? 52; (g g) o5 2? g (g S) y tive arterial hyperoxemia during CPB in an attempt to

uroscore ll, median (IQR) (0.9-2.5) (0.9-21) decrease oxidative stress and severity of CSA-MOD. Pre-
Surgery, n (%) . . . .

Isolated CABG 63 (43) 72 (48) viously published work attempting to establish the most

Valve surgery 67 (45) 48 (32) appropriate 0, during CPB, which would result in nor-

CABG + valve 4(9) 23 (15) moxemia, found that to avoid hyperoxemia, rio, should

Other cardiac surgery 4 (3) 7 (5) be kept at 0.35 during CPB.?! Currently, there is no pub-
Bypass time (min), mean (SD) 106 (40) 109 (46) lished evidence or consensus to inform clinical perfusion-
Crgqssaﬁl?é“DF; time (min), 78 (36) 80 (40) ists as to where to target oxygen levels or what the ideal

. 21 L . .
Preoperative creatinine 102 0.27) 0.96 (0.23) Fl0, or Pao, is on bypass,?! resulting in wide practice varia

(mg/dl), mean (SD)

Data are presented as n (%), mean + SD, or median (interquartile range
[IQR]) as indicated.

BMI = body mass index; CABG = coronary artery bypass graft.
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tion and results.

A pragmatic study design was used to ensure generaliz-
ability of study results to large numbers of patients present-
ing for cardiac surgery. This study enrolled a large sample
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Fig. 2. Arterial oxygen partial pressure for oxygen (mmHg). The precardiopulmonary bypass (pre-CPB) value was measured im-
mediately before commencement of cardiopulmonary bypass (CPB). The post-CPB value is an average of the values recorded
every 10min from the end of CPB to the completion of surgery. The intensive care unit (ICU) value is the average of values re-
corded for 6 h from admission to ICU. Values are presented as means, and error bars show SEM.
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Fig. 3. Inspired oxygen administered before and during cardiopulmonary bypass (CPB). The pre-CPB value was measured
immediately before commencement of CPB.

size, there was no loss to follow-up, and the study was under-
taken over 17 months. Some delay to recruitment was expe-
rienced due to availability during the trial of the continuous

Treatment separation was easily achieved by clinical perfu-
sionists using the continuous in-line real-time blood gas mon-
itoring. The moderate degree of hyperoxemia (mean Pao,, 178

in-line blood gas monitoring system, which was not pres-
ent on all bypass machines. This meant that not all patients
available could be recruited due to the inability to provide
intervention treatment.
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mmHg) observed during CPB in the control arm reflects the
current clinical practice in both our study sites and many other
centers in New Zealand and Australia. A mean arterial oxygen
saturation in the intervention arm of 97.2% demonstrated

McGuinness et al.
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Table 2. Incidence of Acute Kidney Injury as Measured by KDIGO Using the Full Criteria or the Creatinine-only Criteria

Control Intervention Difference
(n=148) (n=150) — Intervention) (95% ClI) P Value
Full KDIGO criteria, n (%)
Any AKI 98 (66.2 108 (72) -5.8% (-16.1 to 4.7%) 0.28
KDIGO stage 1 53 (35.8) 67 (44.7 —-8.9% (-19.9 t0 2.2%) 0.12
KDIGO stage 2 43 (29.1) 36 (24.0) 5.1% (-5.0 to 15.1%) 0.32
KDIGO stage 3 2(1.3) 5(3.3) -2.0% (-5.4 to 1.4%) 0.26
Surgical procedure
Isolated CABG (n = 135) 39/63 (61.9) 50/72 (69.4) -7.5% (-23.1 to 8.3%) 0.36
Other (n = 163) 59/85 (69.4) 58/78 (74.4) -5.0% (-18.4 to 8.9%) 0.29 o
Creatinine-only KDIGO criteria g
Any AKI, n (%) 37 (25.0) 41 (27.9) -2.3% (-12.2 to 7.6%) 0.65 §
@
AKI = acute kidney injury; CABG = coronary artery bypass graft; KDIGO = Kidney Disease: Improving Global Outcomes. g
3
.§.
QO
Table 3. Outcomes of Interest g
@
Control Intervention %
(n=148) (n=150) P Value 3
3
Biomarkers QgT
Creatinine (mg/dl), mean (SD) %
Baseline 0.96 (0.28) 0.93 (0.19) 0.24 oS
6 h post-CPB commencement 0.89 (0.27) 0.84 (0.20) 0.09 é
24 h post-CPB commencement 1.03 (0.34) 0.99 (0.28) 0.39 §
Selenium (umol/l), mean (SD) %
Baseline 1.18 (0.26) 1.22 (0.24) 0.08 %
6 h post-CPB commencement 0.96 (0.22) 0.94 (0.21) 0.49 3
24h post-CPB commencement 0.88 (0.21) 0.89 (0.20) 0.62 §
CRP mg/I, median (IQR) g
Baseline 2 (1-5) 2 (1-5) 0.61 2
6h post-CPB commencement 3 (2-6) 3 (1-5) 0.81 g
24 h post-CPB commencement 98 (69-122) 95 (68-124) 0.58 %
High-sensitivity troponin T (ng/l), median (IQR) ‘8
Baseline 13 (8-22) 13 (8-20) 0.61 §
6h post-CPB commencement 641 (345-1030) 535 (354-892) 0.23 g
24 h post-CPB commencement 379 (204-647) 336 (218-587) 0.53 g
AST (U/l), median (IQR) g
Baseline 21 (17-25) 21 (17-28) 0.77 ‘g
6h post-CPB commencement 43 (36-54) 40 (33-53) 0.10 )
24 h post-CPB commencement 44 (34-63) 41 (33-62) 0.50 5
Amylase U/I, median (IQR) 5
Baseline 56 (44-73) 59 (43-78) 0.93 %
6h post-CPB commencement 46 (33-64) 44 (32-62) 0.66 §
24 h post-CPB commencement 56 (37-100) 59 (37-100) 0.80
Other clinical outcomes
Renal replacement therapy, n (%) 3 3 1.0
Renal replacement therapy at day 90, n (%) 0(0) 0(0) 1.0
Ventilation time (h), median (IQR) 7.2 (5.0-13.0) 7.2 (5.3-16.6) 0.35
ICU length of stay (h), median (IQR) 23 3(19.9-47.3) 22 8 (20.6-48.5) 0.75
Hospital length of stay (d), median (IQR) 9 (6.7-13.5) 0(7.1-13) 0.65
Alive at ICU discharge, n (%) 145 (98) 145 97) 0.49
Alive at day 90, n (%) 144 (97) 145 (97) 0.75

Ventilation time is the number of hours from admission to intensive care unit (ICU) until extubation. ICU length of stay is the number of hours from admis-
sion to ICU until discharge to the ward or death. Hospital length of stay is the number of hours from admission to the hospital preoperatively to discharge

home postoperatively.

AST = aspartate aminotransferase; CPB = cardiopulmonary bypass; CRP = C-reactive protein; IQR = interquartile range.
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that we achieved the maximal possible reduction in hyperox-
emia as it was considered clinically unacceptable to conduct
CPB with arterial saturations lower than 97%.

Although arterial hyperoxemia has long been used to pro-
tect against potential side effects of CPB such as hypoxic
injury and gaseous embolization, emerging evidence from
diverse populations, such as those postcardiac arrest, suggests
that exposure to high levels of oxygen tensions may in fact
be harmful 2223

Hyperoxemia has been associated with many side
effects such as alterations in capillary blood flow, reduced
cardiac index, increased systemic vascular resistance,
hemolysis, and formation of micro air emboli.?* We
hypothesized that by controlling oxygen levels in a nor-
mal range while on bypass, these side effects would be
negated in the intervention group. We utilized a wide
range of biomarker-based endpoints to detect a treatment
effect for organ damage between the groups but failed to
show any difference. Although there are some newer bio-
markers that may directly measure oxidative stress (e.g.,
isoprostanes), we chose to measure commonly used and
available measures of individual organ damage. We chose
to use the incidence of AKI using the KDIGO defini-
tion as the primary outcome as it is well recognized that
the development of AKI after cardiac surgery is associated
with poorer outcomes. KDIGO has superseded earlier
classifications of AKI and has been used in a number of
clinical studies in this patient population; however, most
previously published work has only used the creatinine
component of KDIGO rather than both the creatinine
and urine output components. We chose to use the full
definition in accordance with guidelines, which yielded a
much higher incidence of AKI than is found using creati-
nine criteria alone. However, even if only the creatinine
component of the KDIGO definition is used, we found
no difference between groups.

The lack of efficacy of the intervention may be explained
by an absence of true ischemia-reperfusion injury after rou-
tine CPB as compared to that seen for instance in survivors of
cardiac arrest whom have a “whole of body ischemia-reperfu-
sion insult” as opposed to a more limited insult focused on
the heart in CPB patients. It is plausible that routine hypo-
thermia during CPB diminishes the effects of hyperoxemia,
moderating the development of postoperative neurocogni-
tive dysfunction and MOD.? Furthermore, there is recent
evidence suggesting that exceeding a critical threshold of
oxygen delivery might limit the incidence of postoperative
AKI.2¢ There was no difference in oxygen delivery index dur-
ing CPB between the intervention and the control groups,
and this was well in excess of the DO, threshold identified,
possibly negating the impact of hyperoxemia on markers of
renal outcome.
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Limitations

We recognize some inherent limitations to our study.
First, although attending anesthesiologists were encour-
aged to target a low normal level of arterial oxygenation
pre- and post-CPB, there was only a small difference
between groups at these time points. The explanation
given by the anesthesiologists was that they were uncom-
fortable using low ri0, during these periods. The inter-
vention, therefore, only occurred during CPB and thus
there was significant hyperoxemia both pre- and post-
CPB, and it is possible that these times represent “at-
risk” periods for hyperoxemia-mediated cellular damage.
In particular, it is theoretically plausible that the most
critical time for hyperoxemia is when the blood is first
exposed to the artificial surfaces of the bypass circuit. In
our study, we did not achieve significant separation of
oxygen levels immediately before initiating CPB. We also
did not insist on the provision of normoxemia to patients
in either the prebypass or postbypass period but left that
to the discretion of the treating clinicians. Nevertheless,
in our sample of cardiac surgery patients, we did not
demonstrate any difference in outcomes with avoidance
of hyperoxemia during CPB.

Although we successfully achieved normoxemia in the
intervention group, the actual difference in Pao, between the
two groups was only moderate (approximately 80 mmHg),
and it is plausible that greater degrees of hyperoxemia are
required to cause organ damage. Greater hyperoxemia in the
control arm could have been achieved by mandating a ro, of
1.0 in these patients; however, this would have been contrary
to usual care at the two participating sites.

This is an unblinded study in a group of all-comers
rather than high-risk cardiac surgical patients. Perhaps if
we had targeted only high-risk patients, results may have
been different. CSA-MOD occurs through multiple injuri-
ous pathways, which may have differential effects in differ-
ent subpopulations of patients. It is plausible that certain
preoperative patient characteristics, surgical procedures,
or time on CPB may identify a group of patients who are
more likely to benefit from the avoidance of hyperoxemia.
Although we have provided data on the primary outcome for
isolated coronary artery bypass surgery and other patients,
the sample size does not allow further meaningful analysis
of other subgroups.

We chose to undertake indirect measures of oxidative
stress and measured markers of organ dysfunction rather
than attempting to quantify the degree of oxidative stress
directly.

In summary, the avoidance of modest hyperoxemia
(mean, 178 mmHg) during CPB appears safe and achiev-
able but failed to demonstrate any difference in AKI, mark-
ers of organ damage, or length of stay. Future clinical studies
in this area should consider extending the intervention to

the pre- and post-CPB period and should also consider if
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maximizing the treatment separation by using a o, of 1.0
is appropriate.
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