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Abstract
Background: The main defence against bacterial infection is oxidative killing by neutrophils, which requires molecular
oxygen in wounded tissues. High inspired-oxygen fractions increase tissue oxygenation. But, whether improving tissue
oxygenation actually reduces surgical-site infection (SSI) remains controversial. We therefore tested the primary hy-
pothesis that supplemental oxygen (80% vs 30%) reduces the risk of a 30-day composite of deep tissue or organespace
SSI, healing-related wound complications, and mortality.
Methods: In an isolated suite of operating rooms, the inspired-oxygen concentration was alternated between 30% and
80% at 2-week intervals for 39 months. The analysis was restricted to patients who hadmajor intestinal surgery lasting at
least 2 h. Qualifying operations (5749) were analysed, including 2843 (49%) colorectal resections, 1866 (32%) lower
gastrointestinal therapeutic procedures, 373 (6%) small-bowel resections, and 667 (13%) other colorectal procedures.
Results: The 80% and 30% oxygen groups were well balanced on all of the demographic, baseline, and procedural vari-
ables. The oxygen intervention had no effect on the composite primary outcome or any of its components. The overall
observed incidence of the composite outcome was 10.8% (314/2896) in the 80% oxygen group and 11.0% (314/2853) in the
30% group. The estimated relative risk was 0.99 (95% CI: 0.85, 1.14) for 80% vs 30%, P¼0.85.
Conclusions: Supplemental oxygen does not prevent major infection and healing-related complications after major in-
testinal surgery.
Clinical trial registration: NCT01777568.
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Editor’s key points

" Tissue oxygenation is reliant on adequate perfusion of
oxygenated blood; haemoglobin is key.

" Supplemental oxygen had previously been shown to
reduce wound infection, but the weight of evidence no
longer supports this.

" This study used a novel design, alternating commonly
used treatment options in a quality-improvement
framework.

The incidence of surgical-site infection (SSI) and complica-
tions related to wound healing in colorectal patients is
approximately 10e15%.1 On average, each complication pro-
longs the duration of hospitalisation by about a week and adds
about $5000 to hospital cost of care.2 Investigators in Denmark,
for example, estimate that surgical-wound infections account
for 0.5% of the entire country’s hospital budget.3 Patients who
develop a wound infection are twice as likely to require
intensive-care-unit care and twice as likely to die as those who
do not.2

Themain determinant of whether contamination proceeds
to clinical infection is host defence, with the primary defence
against surgical pathogens being oxidative killing by neutro-
phils. Assuming adequate perfusion, the easiest, safest, and
most effective way to improve tissue oxygenation is to in-
crease the fraction of inspired oxygen.4,5 However, there is
considerable controversy as to whether supplemental oxygen
actually reduces SSI and healing-related complications. Two
relatively large randomized trials (n¼500 and n¼300),4,6 a
smaller trial,7 and a registry analysis8 suggest that supple-
mental oxygen (80% vs 30%) halves infection risk. In contrast,
the 1400-patient PROXI trial9 and our recently published 568-
patient trial10 found no benefit of supplemental oxygen. The
available literature thus provides no clear guidance on
whether supplemental oxygen reduces infection and wound-
related complications. Despite considerable divergence in re-
ported results, the World Health Organization recommends
that ‘adult patients undergoing general anaesthesia with
endotracheal intubation for surgical procedures should
receive an 80% postoperative period for 2e6 hours to reduce
the risk of SSI’.11 The US Centers for Disease Control and
Prevention (CDC) similarly recommends supplemental oxygen
to reduce infection risk.12

Oxygen management for colorectal surgery remains
divergent, reflecting the lack of clear outcome data. In Europe,
most patients are given 30% oxygen during general anaes-
thesia. In the United States, concentrations range from 30% to
100%. At the Cleveland Clinic, the most common concentra-
tion is near 50%, but spans the entire range from 30% to 100%.
As part of our quality-improvement process, we are devel-
oping an enhanced recovery pathway for colorectal surgical
patients. One question that arose was whether the pathway
should specify inspired-oxygen concentration. The cost of
supplemental oxygen is trivial, typically a few cents per pa-
tient. And the safety profile of supplemental (80%) oxygen is
reasonably well established.13,14 But, whether providing extra
oxygen actually reduces the risk of infectious and other wound
complications remains controversial. We, therefore, tested the
primary hypothesis that supplemental oxygen (80% vs 30% as
tolerated) reduces the risk of a 30-day collapsed composite
(one or more) of SSI, healing-related wound complications,
and mortality.

Methods

The study was restricted to a physically distinct suite of
operating rooms, five of which are primarily used by the
Department of Colorectal Surgery, Cleveland Clinic, Cleveland,
OH, USA and are normally staffed by a small group of anaes-
thesiologists. Furthermore, most operations performed in the
suite are substantial and require postoperative hospital-
isation. Typically, about 150 major intestinal procedures per
month are performed in this suite. Both the anaesthesia and
surgical teams agreed to the proposed project. All patients
cared for in the designated operating room suite participated.

The designated operating-room suite alternated between
using either 30% oxygen as tolerated or 80% oxygen for periods
of 2 weeks. For example, the first period used 30% oxygen, the
second 80% oxygen, and so on. The oxygen concentration
during the initial periodwas randomly designated by the study
statistician. But, thereafter, oxygen delivery was not ran-
domized on a per-patient or even per-period basis. As a safety
measure, enough oxygen was always given to maintain oxy-
gen saturation (as determined by pulse oximetry) # 95%,
anticipating that many patients assigned to 30% oxygenwould
actually require somewhat more. All clinicians retained full
authority to use any indicated inspired-oxygen concentration
in specific patients per their judgement.

The providers were notified of the designated oxygen con-
centration for each 2-week period by e-mail notices and signs
on each anaesthesia machine. Our decision-support system
was also programmed to recognize non-compliant oxygen
concentrations and send alerts via the hospital paging system
to the in-room provider, the attending anaesthesiologist, and
an investigator. The trigger thresholds for 80% weeks were
inspired-oxygen concentrations <70% or >90%; the threshold
for 30% weeks was an inspired-oxygen concentration >35%
and oxyhaemoglobin saturation # 95%. See Supplemental
material for additional details about the benefits and limita-
tions of alternating intervention trials.

There were no other restrictions on anaesthetic manage-
ment, and practitioners were free to use i.v. anaesthetics and
neuraxial analgesia per their preference. Positive end-
expiratory pressure (PEEP) was not controlled, but was typi-
cally set to 5 cm H2O. All surgical patients at the Cleveland
Clinic are warmed with forced air intraoperatively; pre-
warming was not used. Mechanical bowel preparation was
used selectively and was usually accompanied by oral antibi-
otics taken the day before surgery. Oral antibiotic prophylaxis,
when used, typically consisted of neomycin 1000 mg and
metronidazole 500 mg at 9:00 PM and repeated at 11:00 PM the
night before the surgery. Prophylactic i.v. antibiotics were
given intravenously within an hour before incision, according
to the Surgical Care Improvement Project guidelines.15 There
were no major changes in surgical or anaesthetic manage-
ment during the study period, for example, activation of a new
enhanced recovery pathway.

Measurements

All values used in the analysis were obtained from various
registries, including patient and morphometric characteris-
tics. The type of surgery was characterized from the Current
Procedural Terminology codes using the Agency for Health-
care Research and Quality Clinical Classifications Software
(Rockville, MD, USA). All routine anaesthetic variables,
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including inspired-oxygen fraction, expired carbon-dioxide
partial pressure, and core temperature, were recorded per
routine by our electronic anaesthetic record-keeping system.
Preoperative glucose and other laboratory tests obtained for
clinical purposes were included.

The primary outcome was a composite of 30-day deep and
organespace SSIs, healing-related wound complications, and
mortality (Appendix 1). The outcome variables were primarily
identified from the Department of Colorectal Registry, Cleve-
land Clinic. The Colorectal Registry considered wounds to be
infected when they met the 1992 revision16 of the CDC criteria
for surgical wounds originally proposed in 1987.17 For our
primary composite and secondary outcome (SSI), in-hospital
complications and those occurring between discharge and 30
days post-surgery were evaluated by the registry staff via a
chart review. Whilst not formally validated, we believe that
the registry is generally accurate. The registry staff had access
to patient records and thus could determine the inspired
intraoperative oxygen concentration. The Colorectal Registry
was supplemented by an analysis of the International Classi-
fication of Diseases, revision 9 (ICD-9) diagnosis codes, as
described in Appendix 1, because including claims data en-
hances accuracy.18

Our secondary outcome was superficial SSI, defined by
colorectal-surgery fellows in their chart review using all
available tests, symptoms, and clinical judgement.

Data analysis

Although all patients in the designated operating room suite
participated in the oxygen alternation, we restricted the
analysis to those having deep tissue or organespace intestinal
surgery lasting at least 2 h. We excluded paediatric patients
(<18 yr old), surgeries with missing oxygen data or any co-
variables, or reoperations during a single hospital visit
(Fig. 1). All restrictions were established before inspecting the

data. Inspired-oxygen concentration is reported as the time-
weighted average (TWA) over the entire intraoperative period.

We descriptively compared the 80% vs 30% oxygen groups
on demographic, baseline, and procedural variables using
standard descriptive statistics and absolute standardized dif-
ference (ASD). Summary statistics are presented as % of pa-
tients, means (SDs), or medians [25th percentile (Q1), 75th
percentile (Q3)] as appropriate. The ASD was calculated as the
absolute difference in means or proportions divided by the
pooled SD. We planned adjusted analyses for variables that
were imbalanced between groups (defined as ASD >0.10) to
reduce potential confounding.

We assessed the effect of 80% vs 30% target inspired-
oxygen concentration on the 30-day composite of deep and
organespace SSI and healing-related wound complications
plausibly influenced by tissue oxygenation, including anasto-
motic leak, intra-abdominal abscess, sepsis, and wound
dehiscence. In-hospital mortality was included in the primary
composite per routine to limit survivor bias. (The decision to
include mortality was made before data analysis.) The anal-
ysis was based on a generalized estimating equation (GEE)
model with log link (to estimate the relative risks instead of
odds ratios). Themodel adjusted for within-patient correlation
across possible multiple operations on different visits
(exchangeable correlation structure). Additionally, we
assessed the effect of 80% oxygen on each individual compo-
nent of the primary composite using the same method.

Subgroup analyses

We further assessed the treatment effect on the collapsed
composite outcome within levels of the following seven fac-
tors, and the interaction between the treatment effect and
each factor: 1) type of surgery (colorectal resection, others); 2)
age (<60 vs # 60 yr); 3) ASA physical status (IeII vs IIIeV); 4)
primary diagnosis (cancer vs others); 5) body mass index (BMI)

Fig 1. Flow chart.
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(<30 vs # 30 kg m$ 2); 6) smoking (current vs never/quit); and 7)
surgery type (open vs laparoscopic). Analogous to the primary
analyses, we used GEE models for assessing the treatment-by-
factor interactions and treatment effect within levels of each
factor.

The results are reported as relative risks. The significance
criterion was 0.05 for the overall assessment of the collapsed
composite outcome, and was 0.008 for each individual
component of the composite outcome (i.e. 0.05/6). For the
subgroup analyses, the significance criterion was 0.0036 for
each comparison (i.e. 0.05/14). SAS 9.4 software (SAS Institute,
Cary, NC, USA) was used.

Sample size

The incidence of SSI and potentially oxygen-related wound
complications is about 12%. A 20% reduction in composite
outcome risk would be of considerable clinical importance.
We, therefore, planned to enrol about 5000 patients, which
would provide more than 90% power at a two-sided a value of
0.05.

Based on our recent study comparing sevoflurane and iso-
flurane in the same population, we expected about 150 pa-
tients per month to qualify for the proposed quality-
improvement initiative. To assure sufficient qualifying pa-
tients, we thus planned to enrol patients for about 3 yr.
Although we evaluated compliance with oxygen targets at
intervals, there were no interim analyses of outcomes.
Instead, a single analysis of outcomes was conducted upon
completion of the study.

Study approval

Our quality-improvement project was registered at Clinical-
Trials.gov (NCT01777568) and approved by the Cleveland
Clinic Institutional Review Board (IRB). The IRB waived indi-
vidual consent for the alternating intervention project
because, 1) 80% supplemental oxygen may well be beneficial
and does not present more than minimal risk; 2) the research
was not regulated by the Food and Drug Administration; 3) our
alternating intervention approach (described below) could not
practically be conducted with individual consent; and 4) it was
largely a quality-improvement project, and quality in-
terventions do not require IRB approval.

Results

This study was conducted at the Cleveland Clinic main
campus from January 28, 2013 to March 11, 2016. Qualifying
colorectal surgeries (5749) from 4481 patients were analysed,
including 2843 (49%) colorectal resections, 1866 (32%) lower
gastrointestinal therapeutic procedures, 373 (6%) small-bowel
resections, and 667 (13%) other colorectal procedures (Table 1).

The 80% and 30% oxygen groups were well balanced on all
of the demographic, baseline, and procedural variables (ASD
<0.10, Table 1). Therefore, no adjustment for any potential
confounder was needed in all analyses comparing the two
groups. The median intraoperative average oxygen concen-
tration was 80% [Q1, Q3: 77%, 82%] for patients in the 80%
group, and 39% [35%, 52%] for patients in the 30% group (Fig. 2).

Our oxygen intervention had no effect on the collapsed
composite of 30-day SSI, healing-related wound complica-
tions, and mortality, or on any of its components (Table 2).
The overall observed incidence of the composite outcome

was 10.8% (314/2896) in the 80% oxygen group, and 11.0%
(314/2853) in the 30% group. The estimated relative risk was
0.99 (95% CI: 0.85, 1.14) for 80% vs 30%, P¼0.85. Furthermore,
the treatment effect did not depend on any of the following
seven factors (interaction P-value): type of surgery (0.34), age
(0.35), ASA physical status (0.60), primary diagnosis (0.62),
BMI >30 (0.42), smoking status (0.22), and laparoscopic vs
open surgery (0.054). For informational purposes, the esti-
mated treatment effect within the various post hoc subgroups
is shown in Fig. 3.

Our oxygen intervention did reduce the superficial SSIs; the
observed incidence was 5.2% (150/2896) in the 80% oxygen
group and 6.4% (183/2853) in the 30% group. The estimated
relative riskwas 0.80 (95%CI: 0.66, 1.00) for 80% vs 30%, P¼0.047.

Discussion

Our trial of supplemental oxygen and SSI enrolled nearly of
many patients of all previous relevant studies combined. The
results were clear: supplemental oxygen had no effect on our
primary outcome, a 30-day composite of SSI, healing-related
wound complications, and mortality. Oxygen also had no ef-
fect on any component of our primary composite outcome.
Furthermore, because so many patients were included, CIs
around our results were tight, making it unlikely that results
will differ substantially in future trials. We thus conclude that
clinicians should not give supplemental oxygen in an effort to
prevent infections and healing-related complications.

Our results contrast with the 2017 CDC recommendation
that surgical patients should be given supplemental oxygen
during and after surgery.12 They also contrast with the 2016
World Health Organization recommendation to provide 80%
intraoperative oxygen, but are consistent with two negative
trials with a total of 752 patients10,19 that curiously were not
included in the CDC’s analysis.

This is our fourth major trial of supplemental oxygen and
SSI conducted over more than two decades. The first two
showed benefit,4,6 whereas the third did not10 and was
consistent with the PROXI trial results.9 There are some dif-
ferences in that our previous studies were restricted to colon
resections (although the PROXI trial was not). However, there
was no disparate treatment effect in our current colon-
resection patients compared with patients who have other
types of colorectal surgery. Previous studies included several
hours of postoperative oxygen treatment, whereas our cur-
rent trial was restricted to intraoperative oxygen. However,
we have previously shown that supplemental oxygen
restricted to the postoperative period does not reduce
wound-infection risk.20 It is also possible that supplemental
oxygen is no longer effective, because its benefits are masked
by two decades of improved surgical technique, including use
of wound protectors and changing gloves during wound
closure. And finally, the primary outcome for previous
studies was wound infection, rather than our current com-
posite of SSI, healing-related wound complications, and in-
hospital mortality. However, the results were similar when
the analysis was restricted to SSI. It thus seems unlikely that
methodological differences explain divergences with previ-
ous publications.

In contrast to our primary outcome, the incidence of su-
perficial infections was reduced 20%. However, the reduction
for this secondary outcome was only barely statistically sig-
nificant despite our large sample size. Given that superficial
infections are somuch less serious than any component of our
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Table 1 Baseline and procedural variables (N¼5749). Summary statistics (presented as % of patients, mean ± SD, or median [Q1, Q3],
respectively, for factors, symmetric continuous variables, and skewed continuous variables). Superscript numbers represent the
numbers of missing values. *Five attending anaesthesiologists (amongst 102) and five operating rooms (amongst 49) with most cases
are listed, because of the limited space. yASD: absolute standardized difference in means or proportions divided by the pooled SD. Any
baseline or procedural variables with an ASD >0.10 was considered to be imbalanced, and would be adjusted for in the analysis. zASD
was not calculated because of too many categories (amongst 102 anaesthesiologists and 49 operating rooms)

Variables 80% oxygen (N¼2896) 30% oxygen (N¼2853) ASDy

Age (yr) 52 ± 17 52 ± 17 0.006
Gender (male, %) 1387 (48) 1358 (48) 0.006
Race (%) 0.041
Caucasian 2627 (91) 2558 (90)
African American 207 (7) 235 (8)
Others 62 (2) 60 (2)

BMI (kg m$ 2) 26 [22, 30] 26 [23, 31] 0.013
Smoking status (%) 0.063
Current smoker 320 (11) 263 (9)
Ex-smoker 799 (28) 826 (29)
Never smoker 1777 (61) 1764 (62)

ASA physical status (%) 0.041
I 10 (0) 12 (0)
II 914 (32) 906 (32)
III 1750 (60) 1723 (60)
IV 214 (7) 209 (7)
V 8 (0) 3 (0)
Medical history (%)
Congestive heart failure 98 (3) 97 (3) 0.001
Vascular disease 111 (4) 117 (4) 0.014
Pulmonary circulation disease 128 (4) 91 (3) 0.064
Peripheral vascular disease 181 (6) 153 (5) 0.038
Hypertension, uncomplicated 918 (32) 917 (32) 0.009
Hypertension, complicated 104 (4) 108 (4) 0.011
Paralysis 27 (1) 25 (1) 0.005
Other neurological disorders 129 (4) 154 (5) 0.044
Chronic pulmonary disease 431 (15) 414 (15) 0.010
Diabetes without chronic complications 265 (9) 248 (9) 0.016
Diabetes with chronic complications 71 (2) 77 (3) 0.016
Hypothyroidism 302 (10) 300 (11) 0.003
Renal failure 133 (5) 130 (5) 0.001
Liver disease 77 (3) 87 (3) 0.023
Peptic ulcer disease (bleeding) 2 (0) 1 (0) 0.013
Acquired immune deficiency syndrome 3 (0) 1 (0) 0.023
Lymphoma 47 (2) 48 (2) 0.005
Metastatic cancer 223 (8) 238 (8) 0.024
Solid tumour without metastasis 550 (19) 473 (17) 0.063
Rheumatoid arthritis/collagen vascular 121 (4) 123 (4) 0.006
Coagulopathy 219 (8) 193 (7) 0.031
Obesity 562 (19) 605 (21) 0.045
Weight loss 855 (30) 843 (30) 0.001
Fluid and electrolyte disorders 1288 (44) 1315 (46) 0.032
Chronic blood-loss anaemia 76 (3) 71 (2) 0.008
Deficiency anaemias 676 (23) 690 (24) 0.020
Alcohol abuse 50 (2) 51 (2) 0.005
Drug abuse 75 (3) 80 (3) 0.013
Psychoses 148 (5) 138 (5) 0.012
Depression 566 (20) 536 (19) 0.019

Primary diagnosis (%) 0.040
Cancer 1334 (46) 1278 (45)
Crohn’s disease 435 (15) 434 (15)
Diverticulitis 223 (8) 234 (8)
Ostomy 237 (8) 228 (8)
Fistula 231 (8) 249 (9)
Hernia 61 (2) 66 (2)
Others 375 (13) 364 (13)

Preoperative oral antibiotic (%) 1242 (43) 1280 (45) 0.040
Preoperative bowel-preparation medication (%) 516 (18) 508 (18) <0.001
Type of surgery (%) 0.049
Colorectal resection 1424 (49) 1419 (50)
Lower gastrointestinal therapeutic procedures 948 (33) 918 (32)
Small-bowel resection 182 (6) 191 (7)
Exploratory laparotomy 87 (3) 91 (3)

Continued
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primary outcome, the observed small reduction probably does
not justify the use of supplemental oxygen.

Because our current study is so large, it presumably pro-
vides themost robust results, especially as it is consistent with
the largest recent trials, representing z2000 randomized pa-
tients. This trajectory of trial results for >15 yr raises two
interesting questions. First, why were the initial studies
wrong? Both were well-conducted trials, but small initial trials
often over-estimate the treatment effect determined in sub-
sequent larger trials.21 Whilst trials with 500 and 300 ran-
domized patients are not small by conventional standards,
they do not provide robust estimates for relatively uncommon
dichotomous outcomes, such as SSI.

Second, why is supplemental oxygen salutatory in
biochemical analyses, and yet lacks benefit in recent trials?
Oxidative killing varies over the full range from 0 to # 150 mm
Hg oxygen.22 Oxidative killing requires molecular oxygen that
is enzymatically transformed to the bactericidal radical su-
peroxide.23 Subcutaneous-tissue oxygen values near 60 mm
Hg are typical in euthermic, euvolemic, and healthy volun-
teers breathing room air.24 Perioperative subcutaneous oxygen
partial pressures <50 mm Hg whilst breathing supplemental
oxygen are associated with high infection risk, whereas partial
pressures >90 mm Hg are rarely associated with infection.25

Adequate tissue oxygenation is also necessary for collagen
deposition (scar formation), which is an essential step in
wound healing and tissue repair.26

However, the ‘doseeresponse’ curve for oxidative killing is
highly non-linear, with tissue oxygen partial pressures less
than 60 mm Hg disproportionately impairing oxidative killing.
Even 30% inspired oxygen typically produces tissue partial
pressures near 60 mm Hg. Tissue partial pressures are nearly
doubled when surgical patients breathe 80% oxygen, but the
effect on oxidative killing is far less, as the concen-
trationeresponse curve is relatively flat in this range.22 Our
results suggest that 30e40% inspired oxygen is sufficient to
support oxidative killing by neutrophils, and that other factors
matter more than inspired oxygen once some critical tissue
partial pressure is maintained. This is consistent with studies
showing that hypercapnia and supplemental fluid adminis-
tration both increase subcutaneous-tissue oxygenation, but do
not reduce surgical-wound infections.27e29

The putative mechanism by which supplemental oxygen
might ameliorate infection risk is by enhancing oxidative
killing by neutrophils in wounded tissues.30,31 The primary
determinants of wound oxygen are arterial oxygen content
and partial pressure, and tissue perfusion.32 Vascular volume
is one determinant of perfusion, making fluid management a
potentially important factor. In the extreme, for example, even
an excellent arterial partial pressure will not improve
oxygenation of ischaemic tissue.33 Consistent with this theory,
generous fluid management enhances tissue oxygen-
ation28dalthough it did not significantly reduce infections (in
an under-powered study).29

Table 1 Continued

Variables 80% oxygen (N¼2896) 30% oxygen (N¼2853) ASDy

Excision 68 (2) 54 (2)
Laparoscopy 59 (2) 51 (2)
Hernia repair 55 (2) 56 (2)
Ileostomy and other enterostomy 47 (2) 52 (2)
Colostomy 26 (1) 21 (1)

Laparoscopic surgery (%, vs open or converted) 782 (27) 765 (27) 0.004
Duration of surgery (h) 4.0 ± 1.7 4.0 ± 1.7 0.026
Regional block (%) 68 (2) 108 (4) 0.084
Spinal or epidural anaesthesia (%) 284 (10) 266 (9) 0.017
Attending anaesthesiologist* (%) dz

A 355 (12) 352 (12)
B 368 (13) 339 (12)
C 118 (4) 157 (6)
D 109 (4) 83 (3)
E 73 (3) 103 (4)

Operating-room number* (%) dz

47 546 (19) 529 (19)
48 500 (17) 490 (17)
50 475 (16) 462 (16)
46 412 (14) 403 (14)
45 416 (14) 398 (14)

Intraoperative management
TWA of oesophageal temperature (%C) 36.0 ± 0.6147 36.0 ± 0.6118 0.050
Oesophageal temperature at end of case (%C) 36.4 (35.9, 36.8)147 36.4 (35.9, 36.8)118 0.009
Intraoperative TWA of mean arterial blood pressure (mm Hg) 85 ± 9 84 ± 9 0.063
Intraoperative TWA of heart rate (beats min$ 1) 77 ± 12 78 ± 12 0.076
Amount of aesthetic gas, minimal alveolar concentration (h) 3.0 (2.0, 4.4)6 3.1 (2.1, 4.4)7 0.011
TWA of end-tidal PCO2 (mm Hg) 35 ± 2 35 ± 2 0.014
Intraoperative TWA of glucose (mg dl$ 1) 141 (118, 164)2029 139 (120, 163)1960 0.010
Crystalloid volume (L) 2.8 (2, 3.7) 2.8 (2, 3.8) 0.037
Laparoscopic surgery 2.9 (2.3,3.6] 2.9 (2.3, 3.7)
Open surgery 2.7 (1.8, 3.7) 2.8 (1.8, 3.8)

Colloid volume (L) 0 (0, 0.5) 0 (0, 0.5) 0.072
Estimated blood loss (ml) 100 (50, 250) 100 (50, 250) 0.033
Blood transfusion, patients (%) 256 (9) 257 (9) 0.006
Amount of blood transfusion amongst patients who received

blood transfusion (units)
0.7 (0.4, 1.1) 0.7 (0.4, 1.0) 0.002
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Many trials compared restricted vs liberal fluid manage-
ment using fluid volumes ranging from 5 to 30mg kg$ 1 h$ 1 and
various types of fluids.34e38 These studies are hard to interpret,
and ‘restricted’ volumes in some studies exceed ‘generous’
volumes in others, but there is evidence that restrictive fluid
management, especially guided management, reduces post-
operative morbidity and perhaps infectious
complications.39e41

The patients in our earlier study were given approximately
14 ml kg$ 1 h$ 1 of crystalloids,4 whereas our current patients
were about 10 ml kg$ 1 h$ 1. The more restrictive approach is
consistent with the worldwide trends. Whilst it remains
possible that oxygen would be beneficial in patients given
more fluid, it seems unlikely that clinicians will revert to
generous fluid replacement given that large volumes appear to

provoke other complications. Our results thus apply to pa-
tients managed per current clinical routine.

A limitation of our trial is that our outcomes were
abstracted from the Colorectal Department, Cleveland Clinic
registry and the clinic’s billing system rather than from indi-
vidual evaluation by investigators. Furthermore, post-
discharge infections were evaluated by a chart review, which
would include any in- or outpatient contact with the Cleveland
Clinic providers. But, it would miss patients who chose to
continue care elsewhere. Undoubtedly, wemissed a fraction of
infections and healing-related complications, but there is little
reason to believe that loss to follow-up was related to treat-
ment or constituted a measurement bias.

The patients assigned to 80% intraoperative oxygen had a
time-weighted median inspired concentration close exactly
equal to the designated 80% target. In contrast, the patients
assigned to 30% had an actual time-weighted median inspired
concentration of 39% [Q1, Q3: 35%, 52%], which might appear
to be a protocol deviation. But, in fact, the protocol specifies
that, in all patients, ‘enough oxygen will always be given to
maintain oxygen saturation (as determined by pulse oximetry)
# 95%’. The higher-than-targeted concentration was thus per
protocol and reflects the fact that patients having laparoscopic
surgery, often in steep Trendelenburg position, frequently
need more than 30% inspired oxygen to maintain normal
saturation.

Oxygen (100%) causes atelectasis within a few breaths,42

although that atelectasis is also easily and largely reversible
by a few large positive-pressure breaths43,44 or PEEP.45 In
contrast, many studies show that 80% oxygen does not cause
atelectasis or any other pulmonary complications.13,42,46,47

Interestingly, the patients in the PROXI trial given 80% sup-
plemental oxygen reportedly suffered greater long-term mor-
tality: hazard ratio 1.30 (95% CI, 1.03e1.64), P¼0.03. Increased
mortality was essentially restricted to patients with cancer.9

Postulated explanations include increased tumour growth as
a result of hyperoxia-induced neovascularization, increased
erythropoietin release, and DNA damage by oxygen-triggered
reactive oxygen species.23,48 A subsequent PROXI data anal-
ysis reported that new or recurrent cancers occurred at a
similar rate in patients given 30% or 80% oxygen, but that new
or recurrent cancer was observed slightly earlier in patients
randomized to 80% oxygen.49 However, new or recurrent
cancersdwhich occurred just 100 days earlier over a 5 yr
perioddwere insufficient to explain excess mortality in the
80% oxygen group.

Fig 2. Box plot of average oxygen concentration during surgery
in the 80% and 30% target oxygen groups. The first quartile,
median, and third quartile comprise the boxes; whiskers extend
to the most extreme observations within 1.5 times the inter-
quartile range of the first and third quartiles, respectively.

Table 2 Primary results: relative risk of 30-day mortality and major infection-related complications in 80% vs 30% oxygen (N¼5749). A
single patient can experience more than one complication, and so the numbers in each column do not total to the ‘any of the above’
total. *We assessed the effect of 80% vs 30% oxygen using a GEE model with log link (to estimate the relative risk instead of the odds
ratio). The model adjusts for year of surgery and the within-patient correlation across possible multiple operations on different visits
(exchangeable correlation structure). yThe significance criterion was 0.008 for each individual complication (i.e. 0.05/6)

30-DAY complications 80% oxygen (N¼2896)* 30% oxygen (N¼2853)* Relative risk (95% CI)y (80% vs 30%) P-valuey

SSI (organ space/deep) 118 (4.1) 112 (3.9) 1.04 (0.74, 1.46) 0.77
Anastomotic leak 34 (1.2) 36 (1.3) 0.94 (0.50, 1.75) 0.79
Intra-abdominal abscess 133 (4.6) 143 (5.0) 0.91 (0.67, 1.24) 0.44
Sepsis 96 (3.3) 94 (3.3) 1.01 (0.69, 1.49) 0.95
Wound dehiscence 43 (1.5) 43 (1.5) 0.99 (0.57, 1.72) 0.96
Death 20 (0.7) 10 (0.4) 1.97 (0.71, 5.47) 0.08
Any of the above 314 (10.8) 314 (11.0) 0.99 (0.85, 1.14) 0.85
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Arecent analysis ofmortality inmore than 900patientswho
had colon resections in our previous oxygen-infection studies
did not identify increased mortality in patients given 80% ox-
ygen.14 This study included many Cleveland Clinic patients
(although none in the current trial), suggesting that supple-
mental oxygen does not increase mortality in patients similar
to the ones enrolled in our current trial. It will be of consider-
able interest to re-evaluate our current cohortdmany ofwhom
had surgery for cancerdsome years from now to confirm that
supplemental oxygen does not augment mortality.

In summary, 80% inspired oxygen had no effect on our pri-
mary outcome, a 30-day composite of mortality, major SSI, and
healing-related complication. Supplemental oxygen also had
noeffect onanycomponent of ourprimary composite outcome,
including deep and organespace wound infection. Nor did
treatment effect vary by subgroup, including in patients who
had colon resections. Because our trialwas large, the results are
robust, leading us to conclude that, despite recentWorldHealth
Organization11 and CDC12 guidance, clinicians should not give
supplemental oxygen in an effort to prevent infections and
healing-related complications after a major intestinal surgery.
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Fig 3. Relative risk of having the primary composite outcome of 30-DAY mortality and major infection-related complications in 80% vs 30%
oxygen within levels of selected factors: type of surgery, age, colorectal resection vs other surgeries, age <60 vs # 60 yr, BMI, current smoker
vs ex-/never smoker, ASA physical status, primary diagnosis (cancer vs others), and laparoscopic vs open surgery. The significance cri-
terion was 0.0036 for each comparison (i.e. 0.05/14), and thus 99.6% CIs are plotted. None of the interactions between the treatment and
these factors on the primary outcome was significant at the 5% level.
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Outcome definition: in-hospital mortality, major SSI, and healing-related wound complications

Complication Colorectal registry ICD-9 codes

SSI Deep or organespace 998.51: Infected postoperative seroma
Use additional code to identify organism
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Intra-abdominal abscess Ultrasound or computed-tomography/

magnetic-resonance-imaging scan
998.59: Other postoperative infection
Abscess: postoperative
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Subphrenic postoperative
Wound postoperative
Septicaemia postoperative
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Systemic inflammatory response syndrome
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Death All-cause mortality
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