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Hyperoxemia reduces cerebrovascular accidents post coronary
artery bypass graft surgery: a retrospective cohort study
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Abstract: Cerebrovascular accidents (CVAs) including strokes and transient ischaemic attacks (TTAs)
form a major portion of perioperative morbidity in patients undergoing coronary artery bypass graft
(CABG) surgery. The aim of this article was to: (I) to examine the relationship between providing increased
intraoperative partial pressure of arterial oxygen (PaO,) and the risk of perioperative CVA following CABG
surgery; (II) to examine the relationship between intraoperative PaO, and other perioperative adverse
outcomes. This was a retrospective cohort study involving 2,253 consecutive CABG patients located within
a single cardiothoracic unit of a tertiary hospital. All patients underwent CABG surgery. A multivariate
analysis was undertaken to assess the relationship between the PaO, (intra-operative mean and nadir) and its
associated risk of perioperative CVA. Results were reported as odds ratios (OR) with 95% confidence interval
(95% CI). There was a significant (but clinically limited) inverse correlation between average intra-operative
PaO, and reducing peri-operative CVA (OR 0.99; P=0.029; 95% CI: 0.98-1.00), indicating a reduction in
stroke risk with increasing PaO,. There was no significant association with PaO, nadir and CVA. There
was no significant association between increasing hyperoxia and the following adverse events: pneumonia,
prolonged postoperative ventilation, perioperative myocardial infarction or cardiac arrest, sternal wound
infection, sepsis and renal failure. We report a significant inverse correlation between increasing average
intra-operative PaO, and reducing peri-operative CVA. Further, hyperoxia was not associated with any
adverse effects or infective outcomes. This finding is likely to have preventative and therapeutic implications

through reducing stroke risk.
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Introduction

Cerebrovascular accidents (CVAs) including strokes and
transient ischaemic attacks (TTAs) form a major portion
of perioperative morbidity, occurring in approximately
three to ten percent of surgical patients requiring
cardiopulmonary bypass (CPB) (1,2). These can be severely
disabling complications, associated with a 3- to 6-fold

increase in death after cardiac surgery (3). Despite multiple
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anaesthetic and surgical advancements over the past decade,
these patients remain at high risk of adverse post-operative
neurologic outcomes (4).

There remains a poor understanding of the
pathophysiology of neurologic dysfunction in these post-
operative patients (5). Proposed causes include tissue
hypoxia, formation of reactive oxygen species (ROS), along
with the formation of micro/macro-emboli (6). These
theories are closely related to the (well established) risk
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factors for the development of perioperative CVA such as
diabetes, hypertension, previous stroke and intra-operative
hypothermia (7).

Whilst the exact pathophysiology of these complications
remains unknown, their impacts on patient morbidity is
unquestionable. Severe pre-operative, intra-operative and
post-operative cerebral and circulatory oxygen levels in
patients undergoing cardiac surgery have been associated
with postoperative cognitive & neuropsychological
dysfunction, prolonged mechanical ventilation time,
intensive care unit admission, tracheostomy requirement,
increased resource utilisation and most recently, CVAs (8,9).

Treatments to counteract this effect are still being
studied, however current suggestions include ongoing
intraoperative cerebral oxygen monitoring and
supplemental oxygen (10). Given the high rate and severity
of complications, any intervention reducing the rate of
complications would be expected to significantly benefit
patient outcomes (11).

Further to the above, a recent study has established
intraoperative hypoxia as an independent risk factor for
perioperative CVA (12). Another study extrapolated their
data to suggest cerebral oxygen saturation be used as an
independent predictor for preoperative cardiac surgery
risk stratification (13). Interestingly, whilst intraoperative
hyperoxia has been linked to numerous adverse end-organ
effects (14), these outcomes have not been demonstrated in
the cardiac surgery population.

Objectives

The primary aim of this study was to examine whether there
was a relationship between increasing the intraoperative
partial pressure of arterial oxygen (PaO,) and decreasing
postoperative CVA risk.

Secondary aims were to examine the relationship between
intraoperative PaO, and other post-operative adverse
outcomes including pneumonia, prolonged postoperative
ventilation, perioperative myocardial infarction or cardiac
arrest, sternal wound infection, sepsis and renal failure.

Methods
Patients and data sources

This was a retrospective single-centre cohort study that
included 2,779 consecutive patients who underwent on-
pump coronary artery bypass grafting (CABG) between
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June 2000 and May 2013 at St. Vincent’s Hospital, a major
Australian cardiothoracic surgical and teaching hospital in
Darlinghurst, Sydney (Figure I).

The St. Vincent’s Department of Cardiothoracic Surgery
databases were analysed to extract information on all
patients who met the inclusion criteria. Variables assessed
included patient co-morbidities, surgical outcomes, and
perioperative observations collected at 5-minute intervals.
"To minimize error, all data was prospectively collected and
validated by reviewing original patient medical records
and checked against electronic recordings from the central
surgical databases and the CPB machine.

Inclusion and exclusion criteria

For this analysis, we included adult patients, who were
scheduled for CABG with CPB. All rescue, emergency and
elective procedures were included in this cohort.

Exclusion criteria included receiving multiple
cardiothoracic procedures at the time of surgery (including
valve or ascending aorta replacements), previous
cardiothoracic surgery requiring CPB, death within
48 hours after the operation, and incomplete patient data.

Human Research Ethics Committee (HREC) approval
was obtained for the study via the HREC at St. Vincent’s
Hospital, Sydney (Reference number 13/011).

Surgical procedure

All procedures were performed through a median
sternotomy. CPB was established via a two-stage right atrial
venous cannula with arterial return to the ascending aorta.
Standard cold blood cardioplegia was used for myocardial
protection, solely antegrade in 72.5% of cases, both ante-
and retrograde in 22.8% of cases and either warm blood or
cold crystalloid in the remainder.

Variables

The primary outcome variable for this study was a
perioperative CVA, defined as either a stroke or TIA during
the procedure or within 30 days after the surgery (15).
A stroke was further defined as a persistent neurological
deficit with changes on neurological imaging consistent
with clinical signs. A TIA was defined as either an initial
neurological deficit consistent with vascular pathology and
resolving within 24 hours (as per the old definition), or by
the absence of radiographic changes on MRI of the brain (as
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Table 1 Outcome definitions
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Term Definitions

Intraoperative cerebrovascular accident Stroke or transient ischaemic attack during the procedure

Pneumonia
Prolonged post-operative ventilation Ventilation >24 hours

Perioperative myocardial infarction

Sternal wound infection
Sepsis

Post-operative acute kidney injury

Clinical and radiographic findings consistent with post-operative pneumonia

ECG, biochemical and/or echocardiographic features consistent with acute myocardial infarction
in the perioperative period

Clinical features of sternal wound infection +/— positive bacterial cultures
As defined by the sepsis 2 criteria at the time of data collection.

Doubling of the first post-operative creatinine or rise in post-operative serum creatinine to >200 U/L

per the new definition) (16).

The main explanatory variable was intraoperative PaO,.
Arterial blood samples were taken at 5-minute intervals
and a range of parameters were measured. For the purposes
of this study the average and nadir PaO, were used for
statistical analysis. The odds ratio (OR) for PaO, was
calculated as follows:

% Intraoperative PaO, in CVA patients;

% Intraoperative PaO, in non-CVA patients.

Medically focused covariates used in the primary analysis
included previous CVA, myocardial infarction, smoking
(prior or current), hypertension, hypercholesterolaemia,
family history of cardiovascular disease, pre-existing
peripheral vascular disease and pre-existing heart failure.
Surgically related co-variates reviewed in this study included
the use of a perioperative intra-aortic balloon pump, total
bypass time and total aortic cross-clamp time. Definitions
for the above are listed in Zable 1.

Secondary outcomes to assess for adverse postoperative
outcomes included pneumonia (diagnosed on the basis
of clinical and radiographic findings during admission),
prolonged post-operative ventilation (>24 hours),
perioperative myocardial infarction or cardiac arrest,
sternal wound infection, sepsis and post-operative acute
kidney injury. Acute kidney injury was further defined as
a doubling of the first post-operative creatinine or rise in
post-operative serum creatinine to >200 U/L. Co-variates
used in these analyses included additional clinically relevant
risk factors, immunosuppression, pre-existing renal or
respiratory disease, and pre-operative cardiogenic shock.

Statistical analysis

Statistical analysis was performed using Stata statistics software

© Journal of Emergency and Critical Care Medicine. All rights reserved.

package, version 14.2 [2012]. Univariate and then multivariate
regression analyses were used to analyse the association
between the incidence of perioperative CVA and average/
nadir intra-operative PaO,, controlling for cardiovascular and
intraoperative risk factors. Results of the univariate analysis
were considered for inclusion in the multivariate model for
significance level P<0.025. Results from multivariate analysis
were considered significant for P<0.05.

Results

A total of 2,779 patients were available for analysis, of these
526 were excluded. Exclusions for this study included: 75
patients who received additional cardiothoracic procedures
at the time of surgery, including valve or ascending aorta
replacement; 163 who had previous cardiothoracic surgery
requiring CPB; and 282 for whom surgical outcome
data were unavailable. Six patients had incomplete data
pertaining to their intraoperative PaO, levels and were
excluded from analysis. The dataset was complete for all
other variables. A total of 2,253 patients were therefore
included in the final multivariate analysis.

Patient demographic data and comorbidities are
contained in 7able 2 below. There were more male than
female patients in this cohort (78% compared to 22%).
Average age was 65 years. The majority (70%) of CABG
procedures were elective. The mean PaO, was 519.6 mmHg
(SD 40.0 mmHg; range, 313-654 mmHg). The PaO, nadir
ranged from 38 to 654 mmHg. The number of patients who
had a perioperative CVA was 28 (1.2%).

Primary analysis

Results from the multivariate logistic regression model are
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Table 2 Characteristics of patient cohort
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Demographic

Average for patient cohort (range)

Frequency in patient cohort, %

Age (years)
BMI (kg.m?)
Number of grafts
Bypass time (minutes)
Aortic cross-clamp time (minutes)
Gender [male/female]
Ethnicity
Caucasian
East/South East Asian
ATSI
Pacific Islander
South Asian
Southern European
African
Middle Eastern
Hispanic
Other/not recorded
Co-morbidities
Diabetes
Renal dysfunction
Peripheral vascular disease
Respiratory disease
Cerebrovascular disease
Hypertension
Hypercholesterolemia
Smoking history
Current smoker
Family history CAD
Angina
Congestive cardiac failure
Myocardial infarction
Previous CT surgery
Previous PCI
Immunosuppression
Operation status
Elective
Urgent
Emergency
Salvage

Intra-aortic balloon pump

64.99:+2.18; [31-90]
28.4+0.1 (14.4-62.1)
3.5+0.9 [1-9]
99.24+29.58 [25-306]
60.96+19.73 [16-190]

78/22

87.4
2.7
1.1
0.6
0.5
0.2
0.2
0.1
0.1
71

30.5

5.1
10.6
12.7

9.0
78.0
76.8
61.9
13.5
38.2
65.3
20.3
47.5

3.5
11.6

1.1

69.3
29.3
1.2
0.2
6.6

ATSI, “boriginal or Torres Strait Islander; CAD, coronary artery disease.
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Table 3 Multivariate regression results for primary outcome, average PaO, and CVA
Variable Odds ratio Standard error P value 95% Cl
Average PaO, 0.99 0.004 0.029 0.98-1.00
Age 1.01 0.02 0.594 0.97-1.05
Aortic cross-clamp time 0.98 0.01 0.165 0.96-1.01
Number of bypass grafts 0.75 0.16 0.185 0.49-1.15
Previous CVA 2.02 1.39 0.166 0.75-5.51
Diabetes 2.19 0.84 0.041 1.03-4.66
Table 4 Multivariate regression results for nadir PaO, and CVA
Variable Odds ratio Standard error P value 95% ClI
Nadir PaO, 0.99 0.002 0.050 0.99-1.00
Age 1.01 0.02 0.635 0.97-1.05
Aortic cross-clamp time 1.00 0.01 0.926 0.98-1.02
Number of bypass grafts 0.67 0.14 0.055 0.44-1.01
Previous CVA 1.96 1.00 0.188 0.72-5.34
Diabetes 2.21 0.85 0.040 1.04-4.69

75 patients received additional procedures
2,779 patient records available |—> 163 patients had previous cardiopulmonary bypass procedures
282 patients had missing surgical data

Y

2,259 patients eligible for
inclusion

—>| 6 patients had missing PaO, data

Y

2,253 patients included in the
final analysis

Figure 1 Patient inclusion flow diagram.

included in Tables 3,4. There was a significant correlation
between perioperative CVA and average PaO, (OR 0.99;
P=0.029; 95% CI, 0.98-1.00), indicating a reduction in
CVA risk with increasing PaO,. This is demonstrated
visually with Figure 2. There was also a significant
correlation between perioperative CVA and diabetes (OR
2.19; P=0.041; 95% CI: 1.03-4.66).

These results were reflected when using the nadir PaO,
(1able 4) with a significant correlation between perioperative
CVA and nadir PaO, (OR 0.99; P=0.050; 95% CI: 0.99-
1.00). Unsurprisingly, the significant correlation between
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perioperative CVA and diabetes remained (OR 2.21;
P=0.040; 95% CI: 1.04-4.69).

Secondary outcomes

Post-operative pneumonia occurred in 30 cases (1.33%).
There was no correlation between post-operative
pneumonia and perioperative average PaO, (OR 1.00;
P=0.51; 95% CI: 0.99-1.01).

Prolonged ventilation occurred in 102 cases (4.5%).
Multivariate analysis revealed a significant association
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between prolonged ventilation and average PaO, (OR
0.99; P=0.03; 95% CI: 0.99-1.00). This suggested that
increasing the average PaO, reduced the likelihood of
patients requiring prolonged ventilation of more than 24.
Pre-existing respiratory disease was a better predictor of
prolonged ventilation (OR 1.73; P=0.03; 95% CI: 1.04-
2.87).

Perioperative myocardial infarction or cardiac arrest
occurred in 42 (1.86%) cases. These cardiac complications
had no association with intraoperative average PaO, (OR
1.00; P=0.25; 95% CI: 1.00-1.01). Deep sternal wound
infection occurred in 20 cases (0.9%) and sepsis occurred
in 10 cases (0.4%). In multivariate analyses there was no
association between sternal wound infection and average
PaO, (OR 0.99; P=0.21; 95% CI: 0.98-1.00). There was
no significant correlation between sepsis and average PaO,,
however immunosuppression was associated with increased
risk of sepsis (OR 9.33; P=0.04; 95% CI: 1.09-79.54).

Finally, renal failure occurred in 118 cases (5.2%). In
multivariate analysis average PaO, was not associated with
post-operative renal failure, however age, cardiogenic shock,

Probability of perioperative CVA with increasing average Pa0,

1.04

0.5

Probability of CVA

-0.5 1
340 380 420 460 500 540 580 620 660
Average PaO,

Figure 2 Probability of perioperative CVA with increasing average
Pa0,.

Table 5 Multivariate regression results for renal failure and average PaO,

Journal of Emergency and Critical Care Medicine, 2020

chronic kidney disease and bypass time were significant
predictors of renal failure in this analysis (1able 5).

Discussion

This study found that the increased average PaO, and
nadir PaO, values were associated with a decreased risk of
perioperative CVA. Even though there may be a limited
magnitude of clinical significance, this data suggests
that avoiding hypoxia might be a potential target for the
treatment to reduce the debilitating and life-threatening
burden of perioperative CVAs.

This thesis follows the paradigm of a recent study by
Dunham et 4. which demonstrated an increased stroke risk
with intraoperative hypoxaemia as measured by arterial
oxygen nadir and oxygen pressures (12). Our study builds
on this by investigating a lager cohort with a broader
arterial oxygen nadir (38-654 mmHg) and higher mean
intra-operative arterial oxygen pressures (340-660 mmHg).
Overall, given the findings, it would be reasonable to
hypothesise a direct relationship between CPB CVA and
reduced perioperative PaO,.

As with most disease processes, the cause is likely to be
multifactorial. Pre-existing cerebrovascular disease, post-
operative arrhythmias and the older age group all increase
the risk of CVA (17). Further, the use of CPB increases the
risk of introducing synthetic particles or air emboli into
the blood stream, though this has been minimized through
using an arterial screen filter (18). As such, hyperoxemia
may reduce the incidence of post CPB stroke through
reducing gaseous microemboli (19-21). The formation
of microemboli during CPB by the extracorporeal circuit
and entrainment into open heart chambers has been well
described (6). These microemboli may progress to obstruct
end-organ capillary beds. Given that these microemboli
consist of air, hyperoxia will cause denitrogenation and
reduce the size of these microemboli. Prior ultrasound

Variable Odds ratio Standard error P value 95% ClI

Average PaO, 1.00 0.002 0.832 1.00-1.01
Age 1.02 0.01 0.019 1.00-1.04
Cardiogenic shock 2.76 1.38 0.042 1.04-7.35
Chronic kidney disease 2.81 0.82 <0.001 1.58-4.98
Bypass time 1.01 0.003 0.031 1.00-1.01
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studies have demonstrated the utility of post-operative
hyperoxia to significantly reduce the microemboli burden
following CPB (22).

Interestingly, Stroobant er a/. failed to find any
relationship between cognitive decline and US imaging
findings in perioperative CABG patients (23). The role of
intra-operative emboli needs further investigation, however,
such analysis is outside the scope of this study.

Our findings are more suggestive of postoperative CPB
CVA being related to tissue level hypoxia, as opposed to
embolization. However, it should be noted that hypo-
perfusion and embolism may co-exist.

A potential mechanism for the protective effect of
increased arterial oxygen pressure may relate to a reduction
in the initial tissue level hypoxic insult and thus preventing
the cascade resulting in the formation of ROS. The
protective effect of hyperoxemia is contrary to the growing
body of non-cardiac surgery literature, which demonstrates
the harmful effect of hyperoxia through the formation
of ROS (24,25). If this is the case, the hyperoxia would
counter-intuitively reduce ROS formation and thus prevent
end organ ischaemia.

One final potential mechanism includes hyperoxia
induced preconditioning. Both animal and human studies
have previously demonstrated a neuroprotective effect with
hyperbaric hyperoxic conditions. The mechanism by which
this hyperoxia induces tolerance to ischaemic events is
unclear.

Importantly, the reduction in post CABG CVA risk did
not carry any associated increase in adverse effects. There
was no correlation between increasing levels of hyperoxia
and infective outcomes such as pneumonia, deep sternal
wound infection and sepsis. This is in keeping with many
prior studies which have demonstrated increased rates
of infection associated with hypoxia and a no effect with
increasing oxygen levels ranging from normoxia through to
hyperoxia (22,26).

Increasing levels of hyperoxia also had no impact on
the incidence of renal failure, myocardial infarction or
cardiac arrest. The incidence of renal failure is a poorly
studied outcome with varying definitions used for renal
failure and acute kidney injury (6). This reinforces the
results of a randomised controlled trials by Toraman er al.
and McGuinness et 2/. which showed similar results, with
no significant difference between near physiologic and
hyperoxic groups (27,28). Similar to acute kidney injury,
a wide variety of definitions have been used to investigate
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myocardial injury and infarction (6). The vast majority of
these studies have found no link between hyperoxia and
myocardial infarction. The present study is in keeping with
current literature.

Limitations

There were several limitations to this retrospective study.
Firstly, there were no hypoxic patients to compare stroke
risk to. However, the incidence of reduced stroke risk
has been demonstrated in several prior studies and the
aim of the present study was to determine if increasing
levels of hyperoxia further reduced stroke risk without an
increase in other complications. Secondly, there was a low-
normal incidence of post-CABG CVA in the cohort of
patients included in this study. The incidence was 1.2%,
this was potentially related to the much greater levels of
intraoperative hyperoxemia than has been reported in
previous studies. There were also the intrinsic limitations
of any retrospective study including the potential for
unmeasured confounding variables that may have been
missed in the multi-variate analysis.

Conclusions

We have demonstrated a significant trend between average
intraoperative PaO, and perioperative CVA, with CVA
risk declining with increasing PaO,. Higher PaO, was
not demonstrated to be associated with increased risk of
post-operative adverse outcomes including pneumonia,
prolonged ventilation, perioperative myocardial infarction
or cardiac arrest, sternal wound infection, sepsis or renal
failure.
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