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Abstract

Background—Delirium affects 20-30% of patients after cardiac surgery and is associated with
increased mortality and persistent cognitive decline. Hyperoxic reperfusion of ischemic tissues
increases oxidative injury, but oxygen administration remains high during cardiac surgery. We
tested the hypothesis that intraoperative hyperoxic cerebral reperfusion is associated with
increased postoperative delirium and that oxidative injury mediates this association.

Methods—We prospectively measured cerebral oxygenation with bilateral oximetry monitors in
310 cardiac surgery patients, quantified intraoperative hyperoxic cerebral reperfusion by
measuring the magnitude of cerebral oxygenation above baseline after any ischemic event, and
assessed patients for delirium twice daily in the ICU following surgery using the confusion
assessment method for ICU (CAM-ICU). We examined the association between hyperoxic
cerebral reperfusion and postoperative delirium, adjusted for the extent of cerebral hypoxia, the
extent of cerebral hyperoxia prior to any ischemia, and additional potential confounders and risk
factors for delirium. To assess oxidative injury mediation, we examined the association between
hyperoxic cerebral reperfusion and delirium after further adjusting for plasma levels of F,-
isoprostanes and isofurans at baseline and ICU admission, the association between hyperoxic
cerebral reperfusion and these markers of oxidative injury, and the association between these
markers and delirium.

Results—Ninety of the 310 patients developed delirium following surgery. Every 10%:hour of
intraoperative hyperoxic cerebral reperfusion was independently associated with a 65% increase in
the odds of delirium (OR, 1.65 [1.12 to 2.44]; P=0.01). Hyperoxia prior to ischemia was also
independently associated with delirium (1.10 [95% CI, 1.01 to 1.19]; P=0.02), but hypoxia was not
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(1.12 [95% ClI, 0.97 to 1.29]; P=0.11). Increased hyperoxic cerebral reperfusion was associated
with increased concentrations of F,-isoprostanes and isofurans at ICU admission, increased
concentrations of these markers were associated with increased delirium, and the association
between hyperoxic cerebral reperfusion and delirium was weaker after adjusting for these markers
of oxidative injury.

Conclusions—Intraoperative hyperoxic cerebral reperfusion was associated with increased
postoperative delirium, and increased oxidative injury following hyperoxic cerebral reperfusion
may partially mediate this association. Further research is needed to assess the potential
deleterious role of cerebral hyper-oxygenation during surgery.
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Introduction

Delirium is a manifestation of acute brain dysfunction and affects 20-30% of patients
following cardiac surgery.l: 2 Delirium is associated with increased mortality, pulmonary
dysfunction, and duration of hospitalization following cardiac surgery, and is an independent
predictor of long-term cognitive decline in other medical and surgical patient populations.3-6

During cardiac surgery impaired heart function, exposure to cardiopulmonary bypass, and
rapid changes in temperature, intravascular pH, and arterial pressure lead to abrupt changes
in cerebral perfusion, oxygen extraction, and oxygen consumption. These changes in brain
oxygenation, along with exposure to anesthetics, systemic and cerebral inflammation, and
microemboli may precipitate delirium following cardiac surgery, although precise
mechanisms are poorly understood.

In preclinical studies tissue hypoxia, hyperoxia, ischemia, and hyperoxic reperfusion — all
common in patients undergoing cardiac surgery — increase the production of reactive oxygen
species and induce oxidative injury.”10 Intraoperative oxidative injury may contribute to
postoperative brain injury, as it has been demonstrated that intraoperative oxidative injury
contributes to postoperative kidney injury, another organ susceptible to ischemia reperfusion
injury.11 Hyperoxia may contribute to this phenomenon. Indeed, in other clinical scenarios
of cerebral ischemia and reperfusion injury, including cardiac arrest and stroke, hyperoxia
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during reperfusion is a strong predictor of neurologic damage.1?: 13 Hyperoxia during
surgery remains standard clinical practice despite these potential deleterious effects.

We conducted this study to test the hypothesis that hyperoxic cerebral reperfusion is
associated with the development of delirium following cardiac surgery and that increased
oxidative injury may mediate this association.

We performed a cohort study using participants from the Statin AKI Cardiac Surgery RCT, a
randomized clinical trial conducted to test the hypothesis that perioperative atorvastatin
treatment compared to placebo reduces acute kidney injury, intensive care unit (ICU)
delirium, and additional organ dysfunctions following cardiac surgery.1* We used the Statin
trial cohort because study participants were assessed for delirium by research personnel
twice daily while in the ICU, had detailed preoperative, intraoperative, and postoperative
prospective data collected, and were phlebotomized at baseline and following surgery to
quantify perioperative oxidative injury. Adults undergoing elective coronary artery bypass
grafting, heart valve surgery, or ascending aortic surgery at Vanderbilt University Medical
Center (Nashville, TN) were eligible to participate. Patients with acute coronary syndrome,
liver dysfunction, prior statin intolerance, use of CYP3A4 inhibitors, current use of
cyclosporine, current renal replacement therapy, history of kidney transplant, or pregnancy
were excluded. Patients who had detailed measurements of intraoperative cerebral oximetry
saved in the perfusionist database comprised the study cohort. The Vanderbilt Institutional
Review Board approved the study, and all patients provided written informed consent.

Baseline Assessments

Past medical history, vital signs, and baseline laboratory data were obtained. To characterize
baseline mental function, each subject was administered the Mini Mental State Exam and
scored from 0 to 30.1° The Charlson comorbidity index, a 17 component mortality
prediction score, was calculated for each subject.16

Standardized Patient Management

Anesthetic and surgical management were conducted according to institutional protocols as
outlined below and previously described.1” Pulse oximetry, electrocardiography, and
cerebral oximetry (INVOS, Medtronic, Minneapolis, MN) probes were placed on the finger,
chest, and both sides of the forehead, respectively, prior to induction of general anesthesia
and remained until completion of surgery. Baseline pulse oximetry and cerebral oximetry
measurements were recorded prior to supplemental oxygen administration. Following
induction of anesthesia and tracheal intubation, patients were mechanically ventilated with a
fraction of inspired oxygen (FIO,) between 60-100%, tidal volumes of 8+2 ml/kg ideal
body weight, respiratory rate titrated to an end-tidal carbon dioxide partial pressure between
30 and 35 mmHg, and positive end expiratory pressure of 5 cm H,O. Anesthesiologists did
not use cerebral oximetry measurements to adjust patient ventilation.

Free Radlic Biol Med. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lopez etal.

Page 4

Institutional protocol directed the perfusionist to set the oxygen/carbon dioxide blender on
the cardiopulmonary bypass oxygenator to an FIO, of 0.8 and titrate the sweep rate to
maintain a PaCO, between 45 and 50 mmHg during bypass. If cerebral oximetry values
decreased below 80% of baseline during cardiopulmonary bypass the perfusionist performed
the following sequence: requested the surgeon to check and adjust arterial and venous
cannulas to confirm central cannulation and increase venous drainage, decreased sweep
speed on oxygenator to increase patient partial pressure of carbon dioxide to 50-55 mmHg,
increased arterial flow to as high as 3 L/min/m?, increased F10, to 1.0, and requested the
anesthesiologist to transfuse one unit of packed red blood cells if the hematocrit was less
than 24%. If cerebral oximetry values rose above baseline prior to or following any decrease
in values, perfusionists and anesthesiologist did not change patient management to reduce
cerebral oxygenation.

Cerebral Oxygenation Measurements

Cerebral oximetry continuously measures regional cerebral tissue oxygenation using near-
infrared spectroscopy. Sensors are designed to measure approximately one and a half cubic
centimeters in the outer cortical layers of the brain.18 19 Cerebral oximetry measurements
were automatically recorded every 5 seconds and stored in the INVOS monitor, and the
perfusionist saved the data in the clinical database after surgery. The cerebral oxygenation
values used for analyses were taken as the average of the right and left probes. These values
were used to quantify baseline cerebral oxygenation, ischemia, and the cumulative (over the
course of surgery) levels of hypoxia, hyperoxia, and hyperoxic reperfusion. These levels
were quantified using areas under the oxygenation-time curves (AUCs). Examples of these
AUC oxygenation metrics are presented (Figure 1).

Hyperoxic cerebral reperfusion was defined as any cerebral oxygenation greater than
baseline that followed a period of cerebral ischemia, and we quantified hyperoxic cerebral
reperfusion by calculating the oxygenation AUC above baseline after any period of
ischemia. We chose a decrease to 80% of baseline as a threshold for cerebral hypoxia and
ischemia because this value has been reported as the threshold for interventions to increase
cerebral oxygenation during surgery,2% 21 and we chose 5 minutes of cerebral hypoxia or an
equivalent AUC for data less than 80% of baseline (e.g., 60% of baseline for 2.5 minutes) to
define ischemia because this duration has been associated with neuron injury and poor
neurologic recovery in other settings.22: 23 We quantified cerebral hyperoxia independent of
hyperoxic cerebral reperfusion by measuring the oxygenation AUC above baseline
throughout surgery prior to any ischemia or in patients that never experienced ischemia.

Because associations between cerebral hyperoxia and outcomes have not previously been
investigated, criteria for cerebral oximetry hyperoxia are not established. Some degree of
cerebral oxygenation above baseline may still be in the normal range. As a sensitivity
analysis, we used a higher threshold (10% above baseline) to define and calculate AUC
magnitudes of hyperoxic reperfusion and hyperoxia.

AUCs are reported as 10%:hours for ease of interpretation. For example, a 20% change for
one half hour equals one 10%:hour.
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Delirium Assessment

Research personnel assessed delirium twice daily while patients were in the ICU using the
Confusion Assessment Method for ICU delirium (CAM-ICU) and Richmond Agitation-
Sedation Scale (RASS). The CAM-ICU is a validated diagnostic algorithm that assesses
cardinal features of delirium by determining fluctuations in mental status, inattention,
disorganized thinking, and altered level of consciousness.24 The RASS uses a 10-point scale
to assess level of consciousness with negative scores indicating decreased responsiveness, a
score of zero indicating a calm state, and positive scores indicating agitation.2

Oxidative injury measurements

Blood was sampled at induction of anesthesia and at ICU admission to assess oxidative
injury biomarkers at baseline and immediately following surgery per protocol. Arterial blood
was collected in 0.105 M sodium citrate—coated tubes, immediately placed on ice,
centrifuged for 20 minutes at 1000 g, and plasma frozen at —80°C. We quantified oxidative
injury by measuring non-esterified, free plasma concentrations of Fy-isoprostanes and
isofurans, established markers of oxidative injury in vivo,28 using gas chromatography-mass
spectrometry as previously described.2: 28 We used the sum of F,-isoprostanes and
isofurans to comprehensively measure oxidative injury because Fo-isoprostanes and
isofurans originate from the same lipid radical intermediate, both classes of molecules
reflect the free radical-induced arachidonic acid peroxidation we sought to measure, and F-
isoprostanes and isofurans are differentially expressed in tissues.2% 30 These compounds are
produced from a relatively limitless pool of arachidonic acid in direct proportion to the
concentration of inciting radicals, which include ROS and lipid radicals. This process is
unidirectional, and there is no equilibrium between the substrate (arachidonic acid) and the
product (Fo-isoprostanes and isofurans) in this non-enzymatic reaction.

Statistical Analysis

Prior to accessing data and performing any analysis, we created a statistical analysis plan by
defining the independent and dependent variables, selecting confounders and risk factors for
multiple regression analysis, and by developing the regression modeling technique and
associated diagnostics. Descriptive statistics of categorical data are summarized using their
count (%), and quantitative data are summarized using their median (10t percentile, 90t
percentile). Pre-specified cerebral oxygenation variables included magnitudes of cerebral
hyperoxic reperfusion, cerebral hypoxia, and cerebral hyperoxia. The primary endpoint was
presence or absence of delirium (any CAM-ICU positive exam) in the ICU. We used
multiple logistic regression to test the association of these markers of cerebral oxygenation
and delirium adjusting for possible confounders and known risk factors selected a priori
including age, preoperative mini-mental state exam score (MMSE), Charlson comorbidity
index, valvular heart surgery, use of cardiopulmonary bypass during surgery, duration of
cardiopulmonary bypass, intraoperative circulatory arrest, and nasal temperature following
cardiopulmonary bypass rewarming. We did not include any risk factors for delirium that
occurred after intraoperative measurement of cerebral oxygenation, since these factors may
mediate the effect of intraoperative cerebral reperfusion, and adjusting for a downstream
mediator has the potential to mask the target association (i.e., the association between
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intraoperative cerebral reperfusion and delirium). For hyperoxic cerebral reperfusion and
other quantitative variables, the possibility of nonlinear association with the log-odds of
delirium was investigated using a five-knot restricted cubic spline basis, where the knots
were assigned at the 5t 27,5t 50th 72,5t and 95™ percentiles of the independent variable.
The significance of nonlinear effects was assessed using a likelihood ratio test; nonlinear
terms were omitted where there was insufficient statistical evidence of nonlinear
associations.

To investigate whether oxidative injury statistically mediates the associations between
intraoperative cerebral oxygenation and the subsequent development of delirium, we
examined the associations between cerebral oxygenation parameters and delirium in models
with and without the oxidative injury biomarkers. Mediation is supported if there is a strong
association between oxidative injury markers and delirium, adjusting for cerebral
oxygenation parameters, and simultaneously a strong association between oxidative injury
markers and cerebral oxygenation.3! The associations between intraoperative cerebral
oxygenation metrics and ICU admission Fo-isoprostane and isofuran concentrations
(oxidative injury markers) were estimated using linear regression, adjusting for the same
baseline and intraoperative covariates. The product-of-coefficients method was also used to
assess mediation.32: 33

The cohort included 310 patients. Demographic and intraoperative data are shown in Table
1. The median (10t percentile to 90™ percentile) age of the cohort was 67 (47 to 81) years,
30.6% of patients were diabetic, and 79.7% had surgery with the use of cardiopulmonary
bypass. Ninety patients (29.0%) developed delirium after surgery for a median of 1.0 (1.0 to
4.0) days. Treatment assignment of the parent trial (atorvastatin vs. placebo) did not affect
oxygenation or delirium outcomes in this study.

The median baseline cerebral hemoglobin O, saturation at induction of anesthesia was 68
(50 to 80.5) percent. During surgery 208 of the 310 patients (67.1%) developed cerebral
hypoxia (cerebral oxygenation <80% of baseline) for a median duration of 15.5 (0.6 to 108)
minutes, and 159 of these patients (51.3% of the total cohort) developed cerebral hypoxia
that met the definition of ischemia (hypoxia >5 minutes). Ninety-four of the 159 patients
that experienced cerebral ischemia (30.3% of the total cohort) subsequently became
hyperoxic (cerebral oxygenation above baseline) for a median duration of 27.3 (3.0 to 118)
minutes. Despite these changes in cerebral oxygenation, the median value of each patient’s
mean arterial hemoglobin oxygen saturation during surgery was 100 (99, 100) percent, and
no patient experienced more than five minutes of arterial hemoglobin desaturation below
95%.

Thirty-eight of the 94 patients (40.4%) that experienced intraoperative cerebral hyperoxia
following ischemia (hyperoxic cerebral reperfusion) developed delirium following surgery
compared to 16 of the 65 ischemic patients (24.6%) that did not experience hyperoxic
cerebral reperfusion and 36 of the 151 patients (23.8%) that did not experience ischemia.
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Every 10%:-hour of hyperoxic cerebral reperfusion was independently associated with a 65%
increase in the odds of postoperative delirium (OR, 1.65 [95% CI, 1.12 to 2.44]; P=0.01;
Table 2, Figure 2). Hyperoxia outside of hyperoxic reperfusion, that is the AUC of cerebral
oxygenation above baseline that occurred prior to ischemia or in patients that never
experienced ischemia, was also associated with postoperative delirium (OR for delirium for
every 10%:-hour of hyperoxia, 1.10 [95% CI, 1.01 to 1.19]; P=0.02). In contrast, the extent of
intraoperative hypoxia was not independently associated with postoperative delirium (OR
for delirium for every 10%:-hour of hypoxia, 1.12 [95% CI, 0.97 to 1.29]; P=0.11).

Using a higher cerebral oxygenation threshold for calculating the magnitudes of hyperoxic
reperfusion and hyperoxia (cerebral oxygenation >10% above baseline following or prior to
any cerebral ischemia, respectively) as a sensitivity analysis, both intraoperative hyperoxic
reperfusion and hyperoxia remained associated with postoperative delirium. Every 10%:-hour
of hyperoxic reperfusion defined as the AUC of cerebral oxygenation >10% above baseline
following ischemia was independently associated with a 59% increase in the odds of
delirium (OR, 1.59 [95% ClI, 1.06 to 2.39]; P=0.02), and every 10%:hour of hyperoxia
defined as the AUC of cerebral oxygenation >10% above baseline exclusive of ischemia was
independently associated with a 10% increase in the odds of delirium (OR, 1.10 [95% Cl,
1.02 to 1.20]; P=0.02).

The median plasma concentrations of F,-isoprostanes and isofurans increased 15.5 (10t to
90 percentile, —35.4 to 73.1) pg/ml from baseline to ICU admission. Fy-isoprostanes
increased 1.9 (-14.6 to 21.7) pg/ml, and isofurans increased 14.6 (—33.7, 61.2) pg/ml. To
assess whether the relationship between cerebral hyperoxic reperfusion and delirium could
be mediated by oxidative injury, we examined 1) the association between hyperoxic
reperfusion and delirium after additionally adjusting for baseline and ICU admission F,-
isoprostane and isofuran concentrations, 2) the independent associations between ICU
admission F,-isoprostanes and isofurans and delirium, and 3) the association between
intraoperative hyperoxic reperfusion and ICU admission Fop-isoprostanes and isofurans.

The association between hyperoxic reperfusion and delirium was diminished after adjusting
for baseline and ICU admission plasma concentrations of Fo-isoprostanes and isofurans,
consistent with oxidative injury mediating the association between hyperoxic reperfusion
and delirium. In addition, ICU admission F,-isoprostanes and isofurans were independently
associated with subsequent delirium, and intraoperative hyperoxic reperfusion was
associated with increased Fo-isoprostanes and isofurans. Specifically, 1) the odds ratio for
delirium associated with each 10%-hour of hyperoxic reperfusion was smaller by 22% and
no longer statistically significant (OR, 1.43 [95% CI 0.96 to 2.12]; P=0.08) when oxidative
injury markers were added to the model; 2) each 20 pg/ml increase in ICU admission F,-
isoprostanes and isofurans was associated with a 15% increase in the odds of delirium (OR,
1.15[95% CI 1.00 to 1.32]; P=0.04; Figure 3); and 3) every 10%-hour of hyperoxic
reperfusion was independently associated with a 8.5 pg/ml (95% CI 1.1 to 16.0, P=0.03)
increase in ICU admission F,-isoprostanes and isofurans. Despite this evidence of statistical
mediation, the product-of-coefficients method did not meet statistical significance.
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Discussion

Reperfusion injury is frequently blamed for postoperative organ injury,22 34 but clinicians do
not limit hyper-oxygenation following intraoperative ischemia. In a well-phenotyped cohort
of cardiac surgery patients intraoperative cerebral hyper-oxygenation following ischemia
correlated strongly with an increased incidence of postoperative delirium, and we found
some evidence that increased oxidative injury may partially mediate this association.
Intraoperative cerebral hyper-oxygenation independent of ischemia (prior to ischemia or in
patients that did not develop ischemia) was also associated with delirium, while
intraoperative cerebral hypoxia was not associated with delirium.

A deleterious association between high levels of oxygen during surgery and postoperative
organ injury has not previously been reported. Harms of hyper-oxygenation following
ischemia, however, have been established in other clinical scenarios. After return of
spontaneous circulation following cardiac arrest, for example, hyper-oxygenation increased
mortality in a dose-dependent fashion,12 and the administration of supplemental oxygen to
normoxic patients following ST-elevation-myocardial infarction increased infarct size.3°
Hyper-oxygenation is a common practice in the perioperative period, especially in cardiac
surgery, and excess oxygen administration requires further investigation.

Most prior studies of surgical patients have focused on the hazards of cerebral hypoxia
rather than hyperoxia or on the use of cerebral hemoglobin O, saturation monitoring to
affect outcomes. Low baseline cerebral hemoglobin O, saturations have been associated
with increased mortality, delirium, and cognitive decline after cardiac surgery.36-38 In a
clinical trial, patients randomized to cerebral oxygenation monitoring and an intervention for
desaturations less than 75% of baseline had decreased ICU length of stay, compared to
patients randomized to hidden monitoring and no intervention.20: 39 It is unknown if hyper-
oxygenation after desaturation contributed to the observations that desaturations were
associated with worse outcomes in these previous investigations since hyper-oxygenation
was not measured. In the current study we found no evidence that cerebral hypoxia was
associated with postoperative delirium.

Cerebral ischemia and hyperoxia may occur during surgery following changes in systemic
perfusion or associated with the use of cardiopulmonary bypass. Interestingly, arterial
hemoglobin saturation did not decline in any study patients or correlate with cerebral
oxygenation, and the initiation or termination of cardiopulmonary bypass did not have a
consistent positive or negative effect on cerebral oxygenation. Nonetheless, to account for
procedure related phenomena we adjusted for use of cardiopulmonary bypass, duration of
cardiopulmonary bypass, valvular heart surgery, and use of circulatory arrest in all
regression analyses. Despite this, there remains the potential for unmeasured confounders to
affect the observed associations between cerebral oxygenation and delirium.

Potential mechanisms for the association between hyperoxic cerebral reperfusion and
delirium include hyperoxic reperfusion-induced vasoconstriction or oxidative injury.® 40 We
found marginal evidence that increased oxidative injury mediates the association between
hyperoxic reperfusion and ICU delirium. Intraoperative hyperoxic reperfusion was
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associated with increased plasma concentrations of Fo-isoprostanes and isofurans at ICU
admission; including Fo-isoprostanes and isofurans in the model decreased the association
between hyperoxic reperfusion and delirium; and increased Fo-isoprostane and isofuran
concentrations at ICU admission were independently associated with increased delirium.
These findings are necessary evidence for mediation, but the weaknesses of these findings
suggest additional factors contribute to the association between hyperoxic cerebral
reperfusion and delirium. The perioperative changes in circulating concentrations of F,-
isoprostanes and isofurans are consistent with 7 vitro and preclinical studies that
demonstrate that hyperoxic reperfusion increases oxidative injury and that increased oxygen
tension increases the production of isofurans to a greater extent than Fo-isoprostanes.30: 41
Fo-isoprostanes and isofurans have cerebral biologic effects. In pigs, for example, F,-
isoprostane administration induced brain arteriole vasoconstriction,2 and in mice, isofurans
have been implicated as mediators between hyperoxia and cognitive dysfunction.43 In
humans we do not know the rate of Fo-isoprostane and isofuran hydrolysis and release into
plasma following cerebral production, nor do we know if systemic plasma levels of these
markers reflect cerebral oxidative injury.

The study design and analyses completed in an observational study limit the conclusions that
can be drawn. The associations observed among cerebral oxygenation, oxidative injury
biomarkers, and delirium are not evidence of causality, and despite adjustment for potential
baseline and intraoperative confounders, there remains the potential for residual
confounding. In addition, the use of a cerebral oximeter to measure cerebral oxygenation is a
limitation of this study. Recent investigations indicate that cerebral near-infrared
spectroscopy can be impacted by extra-cranial cutaneous blood flow,** although validation
studies and more recent investigations that simultaneously directly measured internal jugular
vein hemoglobin saturations have validated near-infrared spectroscopy as a technique to
measure brain oxygenation.*>=48 Also, cerebral oxygenation and near-infrared spectroscopy
can be affected by carboxyhemoglobin, which was not measured in all patients. To limit any
subject-specific interference and consistent with common practice we measured oxygenation
change in each subject. Despite any limitations of this monitor, this study is one of the first
to suggest that the common practice of hyperoxygenation may not be protective — and in fact
may be harmful — to the brain. The study is also limited by the lack of precedent for defining
hyperoxia during surgery since the focus in clinical practice is placed on hypoxia. Baseline
reflects a patient’s normoxic conditions at the beginning of surgery, so oxygenation
saturations above baseline may be a reasonable criterion for hyperoxia. Alternatively the
normal range of cerebral oxygenation may exist within a range around baseline. To address
this limitation, we performed a sensitivity analysis in which we defined hyperoxia as the
AUC above 110% of baseline that lead to similar results. The present study suggests specific
thresholds for monitoring cerebral hyper-oxygenation may need to be established.

In conclusion, the magnitude of intraoperative hyperoxic cerebral reperfusion was
independently associated with delirium following cardiac surgery and increased oxidative
injury may contribute to this association. The magnitude of cerebral hyperoxia independent
of ischemia reperfusion was also associated with delirium. The magnitude of cerebral
hypoxia, however, was not associated with delirium. These conclusions diverge from
common perioperative patient management strategies that lead to hyper-oxygenation but are

Free Radlic Biol Med. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lopez etal.

Page 10

consistent with a large body of preclinical evidence. Future studies are needed to assess the
effects of excess oxygen delivery during major surgery and to determine if interventions that
limit hyperoxic cerebral reperfusion and hyperoxia decrease postoperative brain dysfunction.
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Highlights
. Cerebral oxygenation fluctuates considerably during cardiac surgery.
. Cerebral hyperoxia after hypoxia was strongly associated with delirium.
. Hyperoxia independent of hypoxia was also associated with postoperative
delirium.
. Hypoxia was not associated with delirium.
. Intraoperative oxidative injury may partially mediate these effects.
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Figure 1. lllustration of cerebral oxygenation metrics
Four different patients’ peripheral arterial hemoglobin oxygen saturations (SpO,) and

cerebral hemoglobin oxygen saturations plotted during surgery were chosen to illustrate
oxygenation metrics and observed patterns. Hyperoxic cerebral reperfusion was defined as
any cerebral oxygenation greater than baseline that followed a period of cerebral ischemia.
Cerebral ischemia was defined as cerebral oxygenation 80% of baseline for five or more
minutes or the equivalent AUC for desaturations to less than 80% of baseline (e.g., 60% for
2.5 minutes). Cerebral hypoxia was quantified by calculating the AUC below 80% of
baseline throughout surgery, and cerebral hyperoxia by calculating the AUC above baseline
throughout surgery prior to any ischemia or the AUC above baseline throughout surgery in
patients that never experienced ischemia.
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8

Hyperoxic Reperfusion vs. Delirium;
OR=1.65, p=0.01

Hyperoxia vs. Delirium;
OR=1.10, p=0.02

Hypoxia vs. Delirium;
OR=1.12, p=0.11

Intraoperative Cerebral Oxygenation (10% - hours)

Figure 2. Associations between intraoperative cerebral hyperoxic reperfusion, cerebral
hyperoxia, and cerebral hypoxia and postoperative delirium

Odds ratios (OR) represent the odds of postoperative delirium for every 10%:-hour (e.g., 20%
above baseline for 30 minutes equals one 10%:-hour hyperoxia) intraoperative oxygenation
metric, adjusted for potential confounders, risk factors, and the other oxygenation metrics.
For example, a patient with two 10%:-hours of hyperoxic reperfusion had a 65% increase in
the odds of delirium compared to the patient with one 10%:hours of hyperoxic reperfusion
independent of the effects of hyperoxia prior to reperfusion, hypoxia, confounders, and risk
factors on delirium. Cerebral oxygenation parameters (x-axis) were truncated at the 90th

percentile to simplify exposition.
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Figure 3. Associations between baseline and ICU admission concentrations of Fo-isoprostanes
and isofurans and postoperative delirium

Odds ratios (OR) represent the odds of postoperative delirium for every 20 pg/ml increase in
plasma concentrations of Fo-isoprostanes and isofurans measured at baseline or at ICU
admission, adjusted for potential confounders, risk factors, and ICU admission or baseline
oxidative injury biomarkers, respectively. For example, a patient with an ICU admission
plasma concentration of 120 pg/ml F,-isoprostanes and isofurans had a 30% increase in the
odds of delirium compared to a patient with a concentration of 80 pg/ml, independent of the
effects of baseline oxidative injury concentrations, potential confounders, and risk factors on
delirium.
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Table 1

Baseline and intraoperative patient characteristics.

Patient Characteristic

Total (n = 310)

Age, years
Female gender
African American ancestry
Medical history
Atrial fibrillation
Congestive heart failure
Left ventricular ejection fraction, %
Chronic obstructive pulmonary disease
Current smoking
Former smoking
Obstructive sleep apnea
Charlson comorbidity index
Diabetes
Body mass index, kg/m?
Peripheral vascular disease
Stroke
Transient ischemic attack
Mini Mental State Exam score
Trails B score, seconds
Medication use
Baseline angiotensin-converting enzyme inhibitor
Baseline statin use
Perioperative statin treatment
Baseline laboratory and hemodynamic data
Blood glucose, mg/dl
Hematocrit, %
Arterial pH
PaCO,, mmHg
Arterial lactate, mg/dI
Mean arterial Pressure, mmHg
Heart rate, beats/minute
Cardiac index, liters/min/m?
Central venous pressure, mmHg
Peripheral arterial hemoglobin oxygen saturation
Cerebral hemoglobin oxygen saturation
Oxidative injury biomarkers
F,-isoprostanes, plasma, baseline, pg/ml
Isofurans, plasma, baseline, pg/ml

F,-isoprostanes, plasma, ICU admission, pg/ml

Free Radlic Biol Med. Author manuscript; available in PMC 2018 February 01.

67 (47, 81)
111 (35.8%)
13 (4.2%)

84 (27.1%)
119 (38.4%)
60 (35, 60)
34 (11.0%)
44 (14.2%)
115 (37.1%)
45 (14.5%)
2(0,5)
95 (30.6%)
27.6 (22.5, 36.6)
82 (26.5%)
17 (5.5%)
11 (3.5%)
29 (26, 30)
110 (70, 211)

96 (31%)
185 (59.7%)
159 (51.3%)

108 (88, 157)
35 (29, 43)
7.4(7.34,7.47)
41 (35, 49)
0.7 (0.4, 1.4)
70 (57, 86)
64 (49, 84)
2.2 (15,3.1)
13 (7, 20)
98 (95, 100)
68 (54, 81)

28.8(14.7, 58.4)
4517 (21.4, 102.8)
31.3(17.8,61.8)
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Patient Characteristic

Total (n = 310)

Isofurans, plasma, ICU admission, pg/ml
Procedure characteristics
Duration of surgery, minutes
Coronary artery bypass surgery
Valve surgery
Mean intraop arterial hemoglobin oxygen saturation, %
Cardiopulmonary bypass use
Cardiopulmonary bypass time, min
Aorta cross-clamp use

Circulatory arrest use

63.1(31.7, 123.6)

312 (222, 479)
124 (40%)
225 (72.6%)
100 (99,100)
247 (79.7%)
136 (89.8, 237)
164 (66.4%)
20 (8.1%)

Page 19

Binary characteristics are reported as n (%) and continuous characteristics as median (10th percentile, 90 percentile). PaCO2, arterial partial
pressure of carbon dioxide; intraop, intraoperative; min, minutes.
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Table 2

Intraoperative cerebral oxygenation and postoperative delirium.

Variable Odds Ratio 95% ClI P value
Hyperoxic cerebral reperfusion, 10%:-hour 1.65 112 244 0.01
Cerebral hyperoxia, 10%:-hour 1.10 1.01 119 0.02
Cerebral hypoxia, 10%-hour 1.12 097 129 0.11
Age, years 1.04 101 1.06 0.01
Preoperative MMSE score 0.75 0.63 0.88 <0.001
Charlson comorbidity index 1.18 0.99 140 0.07
Valve surgery 0.36 011 125 0.11
Use of cardiopulmonary bypass 5.66 114 28.11 0.03
Duration of cardiopulmonary bypass, min 1.00 0.99 1.00 0.99
Use of circulatory arrest 0.24 0.03 1.88 0.18
Intraoperative nasal temp after rewarming, °C 0.77 050 1.20 0.25

Page 20

Hyperoxic cerebral reperfusion was quantified as the AUC of cerebral oxygenation above baseline after any ischemia. Cerebral hypoxia was

quantified as the AUC of cerebral oxygenation below 80% of baseline and ischemia as hypoxia for five minutes or the equivalent AUC for

desaturations to less than 80% of baseline (e.g., 60% for 2.5 minutes). Cerebral hyperoxia was quantified as the AUC of cerebral oxygenation
above baseline exclusive of reperfusion. Delirium odds ratios are reported for each 10%:hour of oxygenation metric (e.g., 20% above baseline for

0.5 hours equals one 10%:hour). MMSE, mini mental state exam.
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