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Abstract: 
Background: Patients who undergo cardiac surgery are at increased risk of stroke, postoperative cognitive decline, and delirium. These neurocognitive complications have led to increased costs, intensive care unit stays, morbidity, and mortality. As a result, there is a significant push to mitigate any neurological complications in cardiac surgery patients. Near-infrared spectroscopy to measure regional cerebral oxygen saturations has gained consideration due to its non-invasive, user-friendly, and relatively inexpensive nature.
Aim of Study: To provide a comprehensive summary of cerebral oximetry in cardiac surgery. The review interrogates multiple systematic reviews assessing different outcomes in cardiac surgery to assess if cerebral oximetry is effective. Further, the review analyzes all available interventions for an acute desaturation to determine the efficacy of individual interventions.
Methods: A narrative review of randomized controlled trials, observational studies, and systematic reviews with metanalyses were performed through August 2021.
Results: There is significant heterogeneity amongst studies regarding the definition of a clinically significant cerebral desaturation. In addition, the assessment of neurocognitive outcomes has large variability, making metanalysis challenging. To date, cerebral oximetry use during cardiac surgery has not been associated with improvements in neurocognitive outcomes, morbidity, or mortality. The evidence to support particular interventions for an acute desaturation is equivocal.
Conclusions: Future research is needed to quantify a clinically significant cerebral desaturation and to determine which interventions for an acute desaturation effectively improve clinical outcomes.
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Introduction
	Neurocognitive decline after cardiac surgery is a common contributor to morbidity. Cognitive decline is detected in over half of cardiac patients at the time of discharge, 24% at six months postoperatively, and 42% after five years[endnoteRef:1]. Overt stroke occurs in 1-2% of patients[endnoteRef:2] and clinically silent strokes detected by diffusion-weighted magnetic resonance imaging can be found in 25-50% of patients who underwent cardiac surgery[endnoteRef:3]. Neurologic complications after cardiac surgery are correlated with increased mortality, increased medical costs, and worse quality of life[endnoteRef:4]. Continuous monitoring of end organ perfusion is a constant challenge. Cerebral hypoperfusion leading to hypoxia during cardiac surgery may contribute to the development of the neurologic complications. Further, cerebral saturation may serve as a surrogate for perfusion to other organs like the kidneys and liver.  [1:  Newman MF, Kirchner JL, Fillips-Bute B, et al. Longitudinal Assessment of Neurocognitive function after Coronary-Artery Bypass Surgery. The New England Journal of Medicine 2001; 344: 395-402.]  [2:  Tarakji JG, Sabik JF, Bhudia SK. Temporal Onset, Risk Factors, and Outcomes Associated with Stroke After Coronary Artery Bypass Grafting. JAMA 2011 305(4): 381-390.]  [3:  Sun X, Lindsay J, Monsein LH, Hill PC, Corso PJ. Silent Brian Injury After Cardiac Surgery: A Review: Cognitive Dysfunction and Magnetic Imaging Diffusion-Weighted Imaging Findings. Journal of the American College of Cardiology 2012; 60(9): 791-7.]  [4:  Liu Y, Chen K, Mei W. Neurological Complications after cardiac surgery: anesthetic considerations based on outcome evidence. Current Opinion in Anesthesiology 2019; 32(5): 563-567.] 

	Cerebral oximetry monitors utilize near-infrared spectroscopy (NIRS) to measure regional cerebral oxygen saturation (rSO2) (FIGURE 1). Non-invasive, self-adhesive pads that emit light in the near-infrared spectrum are applied to the forehead bilaterally. Each pad contains sensors at defined distances from the light source. Chromophores, also known as light-absorbing molecules, in the tissues absorb the near-infrared light at certain wavelengths. Oxyhemoglobin and deoxyhemoglobin are both chromophores that have characteristic peak absorption at 2 different infrared wavelengths. As per a modified Beer-Lamber law, the strength of the light detected by the sensors is inversely related to the concentration of chromophores and the distance the light travels. Cerebral oximeters also utilize spatially resolved spectroscopy where sources and detectors are placed at different distances to increase accuracy. The rSO2 value is a non-pulsatile measure of the regional hemoglobin oxygen saturation, as a combination of venous and arterial blood in the tissue. Most cerebral oximeters are calibrated with the assumption that 70-75% of the blood measured is venous.
	The appeal of optimizing the utilization of cerebral oximetry during cardiac surgery is quite clear. Compared to other forms of cerebral perfusion monitoring, it is much less invasive, less costly, and easier to employ. The fact that it does not rely on pulsatile blood flow seems perfectly suited for cardiopulmonary bypass and for use in heart failure surgery. With the high rates of neurological complications after cardiac surgery, there is an understandable focus towards mitigating any risk factors. Nonetheless, there is a lack of consensus on whether cerebral oximetry monitoring improves outcomes and which intervention is most effective at improving cerebral oxygen saturation. 
	This review aims to provide an up-to-date assessment of the utilization of cerebral oximetry in cardiac surgery. With the most updated clinical research in the field, it presents a comprehensive summary of all clinical outcomes studied to date, as well as assesses the efficacy of each potential intervention during periods of cerebral oxygen desaturations. 

Methods
A narrative review was performed. International review board approval, informed consent statements, and clinical trial registrations were not applicable for the review. Included studies encompassed randomized controlled trials, observational trials, and systematic reviews with metanalyses on cerebral oximetry in cardiac surgery published through August 2021. Participants included patients undergoing cardiac surgery for coronary artery disease or valvular pathology with or without cardiopulmonary bypass. Adult patients over 18 years old were included. Exclusion criteria were congenital heart disease and aortic repair. Studies were not required to have an intervention for cerebral oximetry desaturations to be included in the review. Of studies with interventions, possible interventions comprised increasing bypass flow rates, increasing blood pressure, fluid boluses, vasodilators, blood transfusions, and decreasing the cerebral metabolic oxygen consumption.  To assess the outcomes of cerebral oximetry monitoring, the review included postoperative cognitive decline, delirium, stroke, acute kidney injury, mortality, requirement of a blood transfusion, preoperative risk stratification, and postoperative care. The Medline search strategy below was adapted to search PubMed: ((Cardiac surgery) OR (cardiopulmonary bypass) OR (coronary artery bypass)) AND ((near infrared spectroscopy) OR (NIRS) OR (oximetry) OR (cerebral desaturation) OR (cerebral perfusion) OR (cerebral ischemia) OR (cerebral perfusion) or (regional oxygen saturation)). A combination of subject headings and text words were used to identify additional relevant studies. Each study was examined for inclusion and exclusion criteria by one author and confirmed for applicability by a second author. If a systematic review described in this study reported on individual trials identified by the search, the individual trials were not commented on independently.

Available Cerebral Oximeters
	There are four Food and Drug Administration (FDA) approved cerebral oximeters (TABLE 1). Over 90% of the cerebral oximetry studies performed in cardiac surgery utilized the INVOS device. Few studies comparing devices from different manufacturers have been performed directly in cardiac surgery patients, but the preliminary findings support what has been discovered in non-cardiac patients. A 2014 observational study demonstrated that the INVOS and EQUANOX are not interchangeable in cardiac patients, with different absolute values as well as different dynamic changes in rSO2[endnoteRef:5].  [5:  Pisano A, Galdieri N, Iovino TP, Angelone M, Corcione A. Direct comparison between cerebral oximetry by INVOS and EQUANOX during cardiac surgery: a pilot study. Heart, Lung, and Vessels 2014; 6(3): 197-203.] 

	
Cerebral Oximetry and Clinical Outcomes in Cardiac Surgery
Neurocognitive Outcomes
	In January 2021, Semrau et al. [endnoteRef:6] published an exhaustive systematic review and metanalysis of cerebral oximetry in cardiac surgery and how it relates to neurologic complications, including stroke, delirium, and postoperative cognitive dysfunction (POCD). The authors included 27 studies, 17 observational and 10 interventional. Eight of 17 observational studies and 3 of 10 interventional studies found a significant association between cerebral oximetry desaturations and neurologic outcomes after cardiac surgery (Table 2). The investigators concluded that there is an inconsistent relationship between regional cerebral oxygen saturation and neurologic complications after cardiac surgery.  [6:  Semrau JS, Motamed M, Ross-White A, et al. Cerebral oximetry and preventing neurological complication post-cardiac surgery: a systematic review. European Journal of Cardio-Thoracic Surgery 2021; 59: 1144-1154.] 

Upon cross analysis of the literature, there were two pertinent recent studies not incorporated in the above review. In 2020, Kunst et al.[endnoteRef:7] performed a randomized controlled trial on 82 patients over 64 years old undergoing on-pump coronary artery bypass graft (CABG) surgery. The intervention group was assigned bispectral index (BIS) targeted to 50 ±10 and cerebral oximetry with rSO2 desaturations of >15% of the baseline value or absolute values below 50% treated with the Murkin protocol[endnoteRef:8].  The control group did not have a target depth of anesthesia as measured by BIS and the anesthesiologists were blinded to rSO2. There was a statistically significant difference in the mean BIS values of the 2 groups (intervention group 40.6, control group 35.4). The number of patients with desaturations below 15% of baseline or with an absolute value <50% was higher in the control group (57%) versus in the intervention group (38%), but the difference was not statistically significant (p = 0.08). There was no difference in cognitive function at 6 weeks between the treatment and control group, but the intervention group had less postoperative delirium. From the conclusions in this study, it is difficult to attribute this difference to the different depths of anesthesia alone or to say if cerebral oximetry played a roll. A second observational study to be included from 2019 found that low rSO2 at the end of the procedure was independently associated with POCD[endnoteRef:9].  [7:  Kunst G, Guage N, Salaunkey K, et al. Intraoperative Optimization of Both Depth of Anesthesia and Cerebral Oxygenation in Elderly Patients Undergoing Coronary Artery Bypass Graft Surgery – A Randomized Controlled Pilot Trial. J Cardiothorac Vasc Anesth 2020; 34(5): 1172-1181.]  [8:  Murkin J, Adams S, Novick R, et al. Monitoring Brain Oxygen Saturation During Coronary Bypass Surgery: A Randomized, Prospective Study. Anesthesia & Analgesia 2007; 104(1): 51-58.]  [9:  Momeni M, Meyer S, Docquier M-A, et al. Predicting postoperative delirium and postoperative cognitive decline with combined intraoperative electroencephalogram monitoring and cerebral near-infrared spectroscopy in patients undergoing cardiac interventions. J Clin Monit Comput 2019; 33(6): 999-1009.] 

Considerable issues arise when interpreting the current studies to assess if cerebral oximetry during cardiac surgery improves postoperative neurologic outcomes. There is pronounced variation in what is defined as a clinically significant rSO2 desaturation, ranging from a change in 10% to 30% of baseline. Absolute cerebral oximetry values that were considered desaturations ranged from 40 to 60%. Similar variability exists when defining the duration of a desaturation. Some studies had no minimum duration, others required a sustained desaturation for more than 5 minutes, and even others assessed the area under the curve of the product of duration times quantity of desaturation. Further, many studies included in the above review did not have an intervention in place to correct the cerebral desaturation. Some looked just to see whether the presence of monitoring impacted outcomes. Of the studies where interventions were implemented to correct the desaturation, there was large variability as to which intervention was utilized. Most studies did not even specify which intervention or combination of interventions were attempted for each patient. 
Regarding the assessment of neurological complications, only 2 studies utilized the Confusion Assessment Method (CAM) tool to assess for delirium. Others used cognitive tests like the Mini-Mental State Exam (MMSE) and the Montreal Cognitive Assessment (MoCa), which are better suited for detecting dementia and are likely unable to fully characterize the cognitive decline after cardiac surgery. Complicating things further, there was striking variation as to what score changes in the above assessment tools equated to a change in cognitive function. The timeframe when neurological outcomes were assessed fluctuated cardinally as well, anywhere from 3 days to 1 year. 
With all this considered, there is insufficient evidence to suggest that cerebral oximetry improves neurocognitive outcomes in cardiac surgery. Clearly defining what constitutes a clinically significant cerebral desaturation and utilizing more uniform, applicable neurocognitive assessments will hopefully better discern the impact with future research.

Other End Organ Ischemia and All-Cause Mortality
	Evidence that cerebral oximetry directly improves other forms of end organ ischemia or all-cause mortality after cardiac surgery is also lacking. Like the evidence for neurocognitive outcomes, some studies suggest that there could be a benefit, while others contradict these findings. A systematic review and metanalysis from 2017[endnoteRef:10] evaluated 10 randomized controlled trials assessing cerebral oximetry in cardiac surgery and outcomes of end organ ischemia, including mortality, stroke, myocardial infarction, and severe acute kidney injury. For each outcome, there was no statistically significant difference between the patients who received NIRS monitoring and the control groups. The studies from this review reflect many of the same issues as the studies for neurocognitive outcomes. There was substantial heterogeneity amongst definitions of rSO2 desaturations, interventions to improve desaturations, and definitions of end organ outcomes therefore little can be concluded from these findings. [10:  Serraino GF, Murphey GJ. Effects of cerebral near-infrared spectroscopy on the outcome of patients undergoing cardiac surgery: a systematic review of randomized trails. BMJ Open 2017; 7(9): 1-13.] 


Transfusion Thresholds
	Both preoperative anemia (hematocrit <30%)[endnoteRef:11],[endnoteRef:12] and hemodilution during cardiopulmonary bypass[endnoteRef:13] are linked to increased rates of stroke and mortality during cardiac surgery. However, red blood cell transfusions are also independently associated with stroke and other neurological complications after cardiac surgery[endnoteRef:14],[endnoteRef:15],[endnoteRef:16]. The recommended transfusion thresholds in cardiac surgery are highly debated with convincing randomized controlled trials advocating for both restrictive and liberal management[endnoteRef:17].  [11:  Ranucci M, Di Dedda U, Castelvecchino S, et al. Impact of Preoperative Anemia on Outcome in Adult Cardiac Surgery: A Propensity-Matched Analysis. Ann Thorac Surg 2012; 94: 1134-42.]  [12:  Klein AA, Collier TJ, Evans C, et al. The incidence and importance of anaemia in patients undergoing cardiac surgery in the UK – the first Association of Cardiothoracic Anaesthetists national audit. Anaesthesia 2016; 71(6): 627-635.]  [13:  Karkouti K, Djaiani G, Borger MA, et al. Low Hematocrit During Cardiopulmonary Bypass is Associated With Increased Risk of Perioperative Stroke in Cardiac Surgery. Ann Thorac Surg 2005; 80: 1381-7.]  [14:  Paone G, Likosky DS, Brewer R, et al. Transfusion of 1 and 2 Units of Red Blood Cells Is Associated with Increased Morbidity and Mortality. Ann Thorac Surg 2014; 97: 87-94.]  [15:  Bahrain ZS, Grega MA, Hogue CW, et al. Intraoperative Hemoglobin Levels and Transfusion Independently Predict Stroke After Cardiac Operations. Ann Thorac Surg 2011; 91: 1113-9.]  [16:  Mariscalco G, Biancari F, Juvonen T, et al. Red blood cell transfusion is a determinant of neurological complications after cardiac surgery. Interactive Cardiovascular and Thoracic Surgery 2015; 20: 166-171.]  [17:  Dhir A, Tempe DK. Anemia and Patient Blood Management in Cardiac Surgery – Literature Review and Current Evidence. Journal of Cardiothoracic and Vascular Anesthesia 2018; 32: 2726-42.] 

	Cerebral oximetry could potentially be used to individualize transfusion needs and better assess the risk versus benefit of giving blood transfusions during cardiac surgery.  In 2013, Vretzakis et al.[endnoteRef:18] performed an interventional trial for 150 patients undergoing elective cardiac surgery and found that restricting blood transfusions to periods of cerebral desaturations resulted in significantly less patients receiving blood transfusions and significantly fewer units of blood transfused per patient. A subsequent randomized trial in 2017[endnoteRef:19] assessed if traditional versus restrictive transfusion thresholds guided by cerebral oximetry affected neurologic outcomes. The traditional group received a blood transfusion if the hematocrit was <23%. The restrictive group received a patient-specific, goal-directed protocol guided by cerebral oximetry monitoring with the goal to keep the rSO2 >50% or at >70% of the patient’s baseline values. If the target rSO2 values were not reached by increasing pump flow, adjusting PaO2 and PaCO2, or by increasing the depth of anesthesia, the patient received a blood transfusion to keep the hematocrit >18%. At 3 months post-surgery, there was no difference in attention, verbal memory, or motor coordination between the two groups, but the NIRS group did have higher scores for verbal fluency. The two groups had similar outcomes for number of red cell transfusions received, markers of cerebral injury (S100), myocardial injury (troponin T), acute kidney injury (creatinine), ICU days, and quality of life measurements. [18:  Vretzakis G, Georgopoulou S, Stamoulis K, et al. Monitoring of brain oxygen saturation (INVOS) in a protocol to direct blood transfusions during cardiac surgery: a prospective randomized clinical trial. Journal of Cardiothoracic Surgery 2013; 8: 145.]  [19:  Rogers CA, Stoica S, Ellis L, et al. Randomized trial of near-infrared spectroscopy for personalized optimization of cerebral tissue oxygenation during cardiac surgery. British Journal of Anaesthesia 2017; 111(3): 384-93.] 

	Based on these studies, utilizing cerebral oximetry to guide transfusion thresholds may not have enough power to affect neurological outcomes and other morbidities from cardiac surgery. However, it may result in fewer blood transfusions in certain patients, protecting them from potential adverse effects of transfusions. 

Preoperative Risk Stratification
	Baseline cerebral oximetry values are assessed by measuring the patient’s rSO2 prior to any medication being given and in the absence of supplemental oxygen, at least 3-5 minutes prior to the induction of anesthesia. Measurement of baseline cerebral oximetry in cardiac surgery has aided in the preoperative risk stratification of patients to help identify those at increased risk of postoperative complications.
	A large (n = 1,178 patients) prospective study performed by Heringlake et al. [endnoteRef:20] aimed to study the relationship between preoperative rSO2 and cardiopulmonary function, morbidity, and mortality in patients undergoing on-pump cardiac surgery. Baseline rSO2 values directly correlated with signs of poor cardiac function (elevated N-terminal pro-B-type natriuretic peptide, elevated troponin T, and low left ventricular ejection fraction <30%), anemia, and poor kidney function (low glomerular filtration rate). Thirty-day mortality was independently associated with a lower baseline rSO2 (58% versus 64%, p<0.0001). Baseline rSO2 ≤50% on the INVOS cerebral oximeter was an independent risk factor for 30 day and 1-year mortality. These findings suggest that baseline rSO2 could be used as an indicator of severity of cardiopulmonary dysfunction and may help clinicians risk stratify patients undergoing cardiac surgery. [20:  Heringlake M, Garbers C, Kabler J-H., et al. Preoperative Cerebral Oxygen Saturation and Clinical Outcomes in Cardiac Surgery. Anesthesiology 2011; 114(1): 58-69.] 

Decreased preoperative baseline cerebral oximetry values have also been associated with an increased risk of developing delirium after cardiac surgery. In 2011, Schoen et al.[endnoteRef:21] performed an observational study in 231 patients scheduled for elective or urgent on-pump cardiac surgery. They found that lower preoperative and intraoperative rSO2 readings were associated with postoperative delirium. These results were corroborated by a recent 2020 prospective observational study of 113 patients undergoing valvular surgery[endnoteRef:22]. The authors found that a low baseline rSO2 was associated with a sevenfold increased risk of delirium, whereas preoperative middle cerebral artery mean blood flow velocity measured by transcranial doppler was not significantly associated with delirium. [21:  Schoen J, Meyerrose J, Paarmann H, Heringlake M, Hueppe M, Berger K-U. Preoperative regional cerebral oxygen saturation is a predictor of postoperative delirium in on-pump cardiac surgery patients: a prospective observational trial. Critical Care 2011; 15(5): R218. ]  [22:  Soh S, Shin J-K, Song JW, Choi N, Kwak Y-L. Preoperative transcranial Doppler and cerebral oximetry as predictors of delirium following valvular heart surgery: a case-control study. J Clin Monit Comput 2020; 34(4): 715-723.] 


Postoperative Care
	As cardiac surgery patients recover in the intensive care unit (ICU), cerebral oximetry may help guide further management and aid in detecting signs of neurocognitive decline. While the impact of intraoperative cerebral desaturations on neurological outcomes after cardiac surgery has been heavily studied, few studies have examined how cerebral oxygen desaturations in the ICU influenced these outcomes. Greenberg et al.[endnoteRef:23] performed a prospective observational study of 53 moderate to high-risk patients undergoing elective cardiac surgery. They found that within the first 6 hours after surgery, cerebral desaturations occurred in 53% of patients, with 64% of those desaturations sustaining for more than 1 hour. The patients who experienced desaturations in the ICU were more likely to have also experienced desaturations during surgery. There was no statistically significant difference in mortality between the two groups.  [23:  Greenberg SB, Murphy G, Alexander J, Fasanella R, Garcia A, Vender J. Cerebral desaturation events in the intensive care unit following cardiac surgery. J Crit Care 2013; 28(3): 270-6.] 

In 2016, Mailhot et al.[endnoteRef:24] performed an observational study in 30 adults with delirium in the ICU after cardiac surgery. They followed patients with cerebral oximetry and delirium assessments for 3 days after the presentation of delirium. The investigators found that cerebral oximetry values decreased from 66.4% to 50.8% on the first day after delirium onset and increased over the course of the 3 days in patients whose delirium improved. The authors concluded that cerebral oximetry values were associated with delirium resolution.  [24:  Mailhot T, Cossette S, Lambert J, et al. Cerebral oximetry as a biomarker of postoperative delirium in cardiac surgery patients. J Crit Care 2016; 34: 17-23.] 

On the contrary, in a prospective observational study from 2020[endnoteRef:25], 96 patients over 70 years old after elective on-pump cardiac surgery were assessed for 72 hours postoperatively with cerebral oximetry. Twenty-nine (30%) patients became delirious. The absolute post-operative cerebral oxygen saturations were lower in those who became delirious than those who did not. However, the relative cerebral oxygen saturations were not independently associated with postoperative delirium incidence. [25:  Eertmans W, De Deyne C, Genbrugge C, et al. Association between postoperative delirium and postoperative cerebral oxygen desaturation in older patients after cardiac surgery. Br J Anaesth 2020; 124(2): 146-153.] 


Efficacy of Interventions After Cerebral Desaturation
	Cerebral oxygen saturation is a balance between oxygen supply and demand. Oxygen supply is a direct product of cerebral perfusion and the carrying capacity of oxygen. Cerebral perfusion reflects the difference between the driving pressure (mean arterial pressure (MAP)) and the resistance (intracranial or central venous pressure) as defined by Hagen-Poiseulle law. To ensure relatively constant blood flow to the brain, humans have evolved an autoregulatory system to maintain cerebral perfusion at a wide range of MAP by adjusting cerebral vascular resistance. 
During cardiac surgery, there are many ways to alter the oxygen supply demand balance to improve cerebral oxygenation (FIGURE 2). To improve oxygen supply, possible interventions include increasing cardiopulmonary bypass (CPB) flow rates, increasing the MAP with vasopressors or fluids, vasodilating cerebral arteries by increasing partial pressure of carbon dioxide (PaCO2; through hypoventilation or increasing the amount of carbon dioxide swept out of the perfusion circuit) or utilizing vasodilators, increasing the hemoglobin concentration with blood transfusion, and increasing the partial pressure of oxygen (PaO2). Additionally, decrease supply could be due to mechanical obstructions, like malposition arterial or venous cannulas, carotid stenosis, or direct external compression. To decrease oxygen demand, one could utilize hypothermia, volatile anesthetics, or certain intravenous anesthetics that decrease the cerebral metabolic rate of oxygen. Identifying patients at risk for impaired cerebral autoregulation is equally important. With all these possible interventions available, which is the most effective to improve an acute desaturation?

Institutional Protocols
Several investigator groups have published institutional protocols with treatment plans designed to treat cerebral oxygen desaturation during cardiac surgery. In a recent 2017 systematic review and meta-analysis by Chan et al.[endnoteRef:26], the authors found that just having an intervention protocol in place resulted in improved cerebral oxygenation.  [26:  Chan MJ, Chung T, Glassford NJ, et al. Near-Infrared Spectroscopy in Ault Cardiac Surgery Patients: A Systematic Review and Meta-Analysis. Journal of Cardiothoracic and Vascular Anesthesia 2017; 31: 1155-1165.] 

One of the most highly implemented treatment protocols in cardiac surgery was published by Murkin et al. in 20078 (FIGURE 3). In the original study, the control group received cerebral oximetry monitoring that was blinded to the clinician. The intervention group had cerebral oximetry values visible to the clinician, and the clinician acted upon cerebral desaturations based on the recommended intervention protocol. If the rSO2 decreased below 75% of baseline, the following interventions were implemented in ordinal ranking until the patient’s saturation improved: the patients head position was checked, PaCO2 was maintained above 40 mmHg, phenylephrine was administered to maintain a MAP >60 mmHg, pump flow was increased to 2.5 L/min/m2 if cardiac index was <2.0 L/min/m2, FiO2 was increased, blood transfusion was administered to bring the hematocrit >20%, or a propofol bolus of 50-100 mg was given. However, the intervention utilized in each patient was not detailed by the authors, so it is impossible to ascertain which intervention was the most effective. Patients in the intervention group had significantly fewer cerebral desaturations and shorter intensive care unit stays. The control group had higher mortality, ventilation >48hrs, stroke, myocardial infarctions, and returns to the OR for re-exploration compared with the intervention group.
The majority of cerebral oximetry studies in cardiac surgery performed since have utilized Murkin’s algorithm[endnoteRef:27]. Multiple studies have validated Murkin’s algorithm by showing improvement in rSO2 after desaturations[endnoteRef:28]. In 2016, Deschamps et al.[endnoteRef:29] performed a large multicenter randomized controlled trial of 201 patients and found that the interventional algorithm was successful in reversing 97% of cerebral desaturations below 10% relative to baseline. The mean cerebral desaturation load during surgery was smaller for the intervention group compared to the control group, but this did not result in a difference in adverse events between the two groups. Further, Harilall et al.[endnoteRef:30] found significantly lower concentrations of brain tissue injury marker S100B in cardiac patients who received Murkin’s treatment protocol for cerebral desaturations. [27:  Denault A, Deschamps A, Murkin JM. A Proposed Algorithm for the Intraoperative Use of Cerebral Near-Infrared Spectroscopy. Seminars in Cardiothoracic and Vascular Anesthesia 2007; 11(4): 274-281.]  [28:  Subramanian B, Nyman C, Fritock M, et al. A Multicenter Pilot Study Assessing Regional Cerebral Oxygen Desaturation Frequency During Cardiopulmonary Bypass and Responsiveness to an Intervention Algorithm. Anesthesia & Analgesia 2016; 122(6): 1786-93.]  [29:  Deschamps A, Hall R, Grocot H, et al. Cerebral Oximetry Monitoring to Maintain Normal Cerebral Oxygen Saturation during High-risk Cardiac Surgery: A Randomized Controlled Feasibility Trial. Anesthesiology 2016; 124(4):826-836.]  [30:  Harilall Y, Adam JK, Biccard BM, Reddi A. The effect of Optimising Cerebral Tissue Oxygen Saturation on Markers of Neurological Injury during Coronary Artery Bypass Graft Surgery. Heart, Lung and Circulation 2014; 23: 68-74.] 

Despite these successes, the comprehensive nature of these treatment protocols still does not allow clinicians to determine which interventions are most effective in improving cerebral oxygenation. By assessing individual interventions, clinicians may be able to better understand which treatment will be most successful during an acute desaturation.


INCREASING CEREBRAL PERFUSION
Vasopressor Use
	A logical thought to increase cerebral perfusion in settings of hypotension includes the use of vasopressors. However, several studies have shown that vasopressor use may be detrimental to cerebral oxygenation. In a 2017 physiologic proof of concept study for patients on CPB at a constant flow, Sperna Weiland et al. [endnoteRef:31] found that equipotent doses of phenylephrine and vasopressin (raising MAP 10 mmHg) elicited comparable decreases in cerebral oxygenation (phenylephrine 61 to 60% [p = 0.023] and vasopressin 61 to 59% [p=0.022]). Yet these decreases are likely not clinically significant, especially when related to neurological outcomes.  [31:  Sperna Weiland NH, Drevoord D, Jobsis DA, et al. Cerebral oxygenation during changes in vascular resistance and flow in patients on cardiopulmonary bypass – a physiological proof of concept study. Anaesthesia 2017; 72: 49-56.] 

A subsequent trial in 2019 by Holmgaard et al. [endnoteRef:32] randomized patients into a low MAP group (40-50 mmHg) and a high MAP group (70-80 mmHg) during CPB with fixed pump flow.  MAP levels were targeted by norepinephrine. The mean difference in rSO2 for the high MAP group during CPB was 3.5% lower (p=0.010) than the low MAP group, and those patients in the high MAP group experienced significantly more desaturations below 10% and 20% relative to their rSO2 baseline. The authors concluded that increasing MAP by vasoconstrictors cannot be recommended to support cerebral desaturation. However, they could not exclude extracranial contamination. Notably, Desebbe[endnoteRef:33] critiqued the above article because of the high pump flow rates used. This editorial suggests that the high pump flow rate of 2.69 L/min/m2 used by the study was what allowed the low MAP group to maintain cerebral oxygen saturations. Additionally, rather than extracranial contamination being the cause of cerebral desaturation in the high MAP group, the authors suggest that potentially cerebral vasoconstriction was occurring due to the combination of high flows with high pressures. Regardless of the cause of cerebral oxygen desaturation, the results of the original study do not support increasing MAP with vasopressors. [32:  Holmgaard F, Vedel AG, Lange T, et al. Impact of 2 Distinct Levels of Mean Arterial Pressure on Near-Infrared Spectroscopy During Cardiac Surgery: Secondary Outcome From a Randomized Clinical Trial. Anesthesia & Analgesia 2019; 128(6): 1081-8.]  [33:  Desebbe O, Joosten A, Denault A. Cerebral Oximetry and Mean Arterial Pressure: Not a Straight Relationship, the Flow Between? Anesthesia & Analgesia 2019: 129(6): e203-204.] 

Despite this, conflicting data still exists about norepinephrine. In an observational study performed in 2016, Hagen et al. [endnoteRef:34] administered norepinephrine during CPB to maintain a MAP at 80 mmHg. They found no statistically significant association between norepinephrine dose to maintain mean MAP and cerebral oxygen saturation (p = 0.46), indicating that norepinephrine could potentially be used to increase MAP during CPB without decreasing cerebral oxygenation. [34:  Hagen OA, Hoiseth LO, Roslin A, et al. Impact of Norepinephrine on Regional Cerebral Oxygenation During Cardiopulmonary Bypass. Journal of Cardiothoracic and Vascular Anesthesia 2016: 30(2): 291-6.] 

Comorbidities leading to impaired cerebral autoregulation may result in more profound cerebral desaturations with vasopressors. In 2014, Brassard et al. [endnoteRef:35] performed a prospective clinical study comparing diabetic to non-diabetic patients on CPB with fixed pump flow. In diabetic patients, norepinephrine and phenylephrine both resulted in a greater reduction in cerebral oxygenation in diabetic patients versus non-diabetic patients. However, the small number of patients included in the study limited its power. [35:  Brassard P, Pelletier C, Martin M, et al. Influence of Norepinephrine and Phenylephrine on Frontal Lobe Oxygenation During Cardiopulmonary Bypass in Patients with Diabetes. Journal of Cardiothoracic and Vascular Anesthesia 2014; 28(2): 608-617.] 

Overall, there is conflicting evidence as to whether vasopressors decrease cerebral oxygenation or maintain cerebral oxygenation despite improving MAP or if this is clinically significant in terms of effect on neurological outcome. 

Vasodilator Use
	While one might not advocate for utilizing vasodilators to increase cerebral oxygen saturation, evaluating the impact of vasodilators on cerebral oxygenation serves as an important counterregulatory exercise to fully assess vasopressors. If vasopressors are detrimental, are vasodilators beneficial? It appears that vasodilators administered during CPB help to maintain cerebral oxygenation. Piquette et al.[endnoteRef:36] performed a randomized double-blinded study on 30 patients undergoing high-risk cardiac surgery where patients were randomized to receive intravenous (IV) nitroglycerin or placebo after induction of anesthesia until the end of CPB. They found that the placebo group experienced significant decreases in NIRS values during CPB, whereas the cerebral oxygenation was maintained in patients receiving IV nitroglycerin. Further, Moerman et al. 37 utilized sodium nitroprusside to decrease MAP by 20% in patients undergoing CPB and did not see a reduction in cerebral oxygenation as a result. Vasodilator use to increase perfusion has not been widely studied during cardiac surgery, likely due to other clinical concerns.  [36:  Piquette D, Deschamps A, Belisle S, et al. Effect of intravenous nitroglycerin on cerebral saturation in high-risk cardiac surgery. Can J Anesth 2007; 54(9): 718-727.] 


Increased Bypass Pump Flow
	To optimize cerebral oxygenation, increasing CPB pump flows may be more effective than increasing MAP with vasopressors. A randomized controlled trial in 2013[endnoteRef:37] on 34 patients undergoing elective cardiac surgery on CPB were placed under four different hemodynamic states: (i) 20% flow decrease, (ii) 20% flow decrease with phenylephrine to restore baseline blood pressure, (iii) 20% pressure decrease with sodium nitroprusside under baseline flow, and (iv) increased flow with baseline pressure. The investigators found that low pump flow states resulted in decreased cerebral and systemic oxygen saturation, regardless of arterial blood pressure. Phenylephrine had the exact same effect and caused a reduction of both systemic and cerebral oxygenation. Increasing pump flow resulted in an increase in cerebral oxygen saturation. Decreasing blood pressure with sodium nitroprusside did not affect oxygenation.  [37:  Moerman A, Denys W, De Somer F, Wouoters PF, De Hert SG. Influence of variations in systemic blood flow and pressure on cerebral and systemic oxygen saturation in cardiopulmonary bypass patients. British Journal of Anaesthesia 2013; 111(4): 619-26.] 

	In further support of utilizing high pump flows to increase cerebral oxygenation even in states of low MAP, Holmgaard et al 32 demonstrated that with high pump flows of 2.69 L/min/m2, patients on CPB were able to tolerate MAPs of 40-50 mmHg without cerebral desaturations. 
	Despite these findings, there is a lack of studies to date directly assessing how flow rates during CPB impact cerebral oximetry values and whether there is a direct correlation between flow rates and clinical outcomes during cardiac surgery.

Identifying the Lower Limit of the Cerebral Autoregulation Threshold
	Cerebral autoregulation refers to the MAP or cerebral perfusion pressure needed to maintain cerebral blood flow (CBF). Although there is significant patient intervariability, recent evidence suggests that the lowest tolerated MAP before CBF begins to decrease is often higher than previously thought, likely averaging around 70 mmHg[endnoteRef:38]. Below this lower MAP threshold, CBF decreases in a linear relationship with decreasing MAP. However, CBF is influenced by more than just MAP. Volatile and intravenous anesthetics affect the cerebral autoregulation curve such that they increase CBF for a given MAP. Increasing cardiac output[endnoteRef:39] and increasing PaCO2 also increase CBF independently of MAP. The compilation of these indices is important to keep in mind because many of the comorbidities that predispose patients to needing cardiac surgery also result in derangements to cerebral autoregulation. Impaired cerebral blood flow autoregulation on CPB has been linked to small vessel (not large vessel) cerebral vascular disease, male sex, and higher average body temperature[endnoteRef:40]. [38:  Drummond JC. Blood Pressure and the Brain: How Low Can You Go? Anesthesia & Analgesia 2019; 128(4): 759-71.]  [39:  Kim DH, Jospeh M, Ziadi S, et al. Increases in cardiac output can reverse flow deficits from vasospasm independent of blood pressure: a study using xenon computed tomographic measurement of cerebral blood flow. Neurosurgery 2003; 53: 1044-1052.]  [40:  Nomura Y, Faegle R, Hori D, et al. Cerebral Small Vessel, But Not Large Vessel Disease, Is Associated With Impaired Cerebral Autoregulation During Cardiopulmonary Bypass: A Retrospective Cohort Study. Anesthesia & Analgesia 2018; 127(6): 1314-1322.] 

	A fascinating and evolving application of NIRS-derived rSO2 is the ability to identify individual patient’s limits of cerebral autoregulation. In 2010, Brady et al.[endnoteRef:41] compared NIRS with real-time cerebral blood flow autoregulation monitoring via transcranial doppler. Although the details are beyond the scope of this paper, a cerebral oximetry index is calculated using changes in MAP and cerebral oximetry over time, yielding an index that is zero when cerebral autoregulation is intact and approaches 1 at the lower level of the cerebral autoregulatory threshold. The investigators found that CBF autoregulation measured by NIRS correlates well with that measured by transcranial doppler, which has since been supported by multiple trials[endnoteRef:42]. Interestingly, for the 60 patients included in the study, the lower CBF autoregulatory threshold during CPB ranged from 45 to 80 mmHg.  [41:  Brady K, Joshi B, Zweifel C, et al. Real-Time Continuous Monitoring of Cerebral Blood Flow Autoregulation Using Near-Infrared Spectroscopy in Patients Undergoing Cardiopulmonary Bypass. Stroke 2010; 41: 1951-1956.]  [42:  Ono M, Zheng Y, Joshi B, et al. Validation of a Stand-Alone Near-Infrared Spectroscopy System for Monitoring Cerebral Autoregulation During Cardiac Surgery. Anesthesia & Analgesia 2013; 116(1): 198-204.] 

In a randomized controlled study from 2014[endnoteRef:43], cerebral autoregulation was monitored with NIRs on 450 patients undergoing CABG and/or valve surgery. Of the 450 patients, 83 experienced major morbidity (defined as stroke, renal failure, mechanical ventilation >48 hours, inotrope use >24 hours, or intra-aortic balloon pump insertion) or operative mortality. The product of the magnitude of blood pressure below the limits of each patients’ cerebral autoregulation and the duration was independently associated with major morbidity or mortality, suggesting that managing blood pressure based on physiological endpoints like cerebral autoregulation monitoring using NIRS could improve outcomes in cardiac surgery. [43:  Ono M, Brady K, Easley RB, et al. Duration and magnitude of blood pressure below cerebral autoregulation threshold during cardiopulmonary bypass is associated with major morbidity and operative mortality. J Thorac Cardiovasc Surg. 2014; 147(1): 483-9.] 

Interestingly, excursions of MAP above the upper limit of cerebral autoregulation during CPB has been linked to an increased risk for delirium. Hori et al.[endnoteRef:44] performed an observational study with 491 patients undergoing cerebral oximetry index monitoring. Delirium was identified in 45 (9.2%) of patients. Mechanical ventilation >48 hours, prior stroke, congestive heart failure, the product of magnitude and duration of MAP above the upper limit of cerebral autoregulation, and age were all independently associated with postoperative delirium. These findings were further substantiated by a follow-up observational study where elevated MAP over optimal MAP during CPB was directly correlated with the incidence and severity of delirium on post-operative day 2[endnoteRef:45]. [44:  Hori D, Brown C, Ono M, et al. Arterial pressure above the upper cerebral autoregulation limit during cardiopulmonary bypass is associated with postoperative delirium. Br J Anaesth 2014: 113(6): 1009-17.]  [45:  Hori D, Max L, Laflam A, et al. Blood Pressure Deviations From Optimal Mean Arterial Pressure During Cardiac Surgery Measured with a Novel Monitor of Cerebral Blood Flow and Risk for Perioperative Delirium: A Pilot Study. J Cardiothoracic Vasc Anesth 2016; 30(3): 606-12.] 

These studies demonstrate an additional application of NIRS cerebral oximetry technology being used in cardiac surgery as a potential way to improve end organ perfusion.

Administering Fluids
	One possible way to increase cardiac output is through a standard fluid infusion. In 2020, Holmgaard et al. [endnoteRef:46]performed the only clinical trial to date assessing the response of cerebral oxygen saturation to a fluid challenge during cardiac surgery. Fifty-six patients were given a fluid challenge of 5ml/kg ideal body weight. Continuous cardiac output monitoring and NIRS monitoring were performed. The patients were then assessed for fluid responsiveness, with 27 patients having an increase in stroke volume of more than 10% following the fluid challenge, and 29 patients were identified as non-responders. Neither group had a significant change in rSO2 after the fluid challenge. However, there was still a significant correlation between increases in cardiac output and rSO2 (correlation coefficient = 0.295, p = 0.027). Little can be concluded from the results of this one study. [46:  Holmgaard F, Vistisen ST, Ravn HB, Scheeren TWL. The response of a standardized fluid challenge during cardiac surgery on cerebral oxygen saturation measured with near-infrared spectroscopy. Journal of Clinical Monitoring and Computing 2020; 34: 245-251.] 


On-Pump versus Off-Pump CABG
	There are very few studies that compare the cerebral oximetry values of on-pump versus off-pump CABG. Almost all the reported studies for cerebral oximetry and neurocognitive outcomes are for cardiac surgery with CPB. In 2014, Kok et al.[endnoteRef:47] published a trial of 60 patients scheduled for elective CABG who were randomly assigned surgery with or without CPB. They found that only 3 of 60 patients (5%) experienced cerebral desaturations, and there was no difference between the off-pump and on-pump groups. However, the trial’s criteria for a desaturation were some of the most rigid seen. They defined a desaturation as rSO2 <40% sustained for more than 10 min. Early cognitive decline (4 days postoperatively) was detected in 62% of on-pump patients and 53% of off-pump patients (p = 0.50). Cognitive decline 3 months after surgery resulted in a statistically significant difference with 39% of on-pump patients and only 14% of off-pump patients exhibiting late cognitive decline (p = 0.03).  [47:  Kok WF, van Harten AE, Koene JA, et al. A pilot study of cerebral tissue oxygenation and postoperative cognitive dysfunction among patients undergoing coronary artery bypass grafting randomized to surgery with or without cardiopulmonary bypass. Anaesthesia 2014; 69: 613-622.] 

	Another recent study published in 2020 assessed cerebral oximetry during off-pump CABG. Lim et al.[endnoteRef:48] performed a retrospective observational study on 815 patients undergoing off-pump CABG. Thirteen percent developed delirium, and duration of rSO2 decrease <50% and <45% directly correlated with delirium. Cerebral desaturation during off-pump CABG appears to be directly associated with delirium postoperatively, although more studies with patients undergoing off-pump CABG are needed to substantiate these findings. [48:  Lim L, Nam K, Lee S, et al. The relationship between intraoperative cerebral oximetry and postoperative delirium in patients undergoing off-pump coronary artery bypass graft surgery: a retrospective study. BMC Anesthesiology 2020; 20(1): 285.] 


DECREASING THE CEREBRAL METABOLIC RATE OF OXYGEN
Type of Anesthetic
	Volatile anesthetics are well acknowledged in anesthesia for their ability to optimize cerebral oxygenation by uncoupling cerebral blood flow (increase) and cerebral metabolic oxygen consumption (decrease). Intravenous anesthetics like propofol and benzodiazepines decrease cerebral metabolic oxygen consumption, but also decrease cerebral blood flow. These well studied pharmacodynamic properties also have been directly demonstrated in patients undergoing elective CABG with associated changes in cerebral oximetry as assessed by NIRS.
In 2014, Guclu et al. [endnoteRef:49] designed a randomized trial to compare the effect of sevoflurane versus total intravenous anesthesia (TIVA) on cerebral oxygen saturation during CPB. The TIVA group was given fentanyl and midazolam and the sevoflurane group was given one minimum alveolar concentration of sevoflurane and fentanyl. There were no differences in MAP, hematocrit, systemic oxygen saturation, PaCO2, glucose, or pH between the two groups. The sevoflurane group had higher cerebral oxygen saturations than patients receiving TIVA. Outcomes of extubation and ICU times were similar in both groups. Notably, both patient groups received propofol boluses to deepen anesthetic depth as needed. [49:  Guclu CY, Unver S, Aydinli B, et al. The Effect of Sevoflurane vs. TIVA on Cerebral Oxygen Saturation During Cardiopulmonary Bypass – Randomized Trial. Adv Clin Exp Med 2014; 23(6): 919-924.] 

	Differences between types of intravenous anesthetics have also been studied in cardiac surgery patients. In a randomized controlled trial from 2009[endnoteRef:50], 60 patients were given either midazolam or propofol for induction prior to CABG. The patients receiving midazolam had equal changes in regional oxygen saturations and hemodynamic variables (cardiac index and mixed venous oxygen saturation) to those receiving propofol, leaving the authors to conclude that midazolam preserves cerebral blood flow-metabolism coupling like propofol as assessed by NIRS. [50:  Kim D-H, Kwak YL, Nam SH, et al. Assessment of cerebral oxygen supply-demand balance by near-infrared spectroscopy during induction of anesthesia in patients undergoing coronary artery bypass graft surgery: a comparison of midazolam with propofol. Korean J Anesthesiol 2009; 57(4): 428-33.] 


Hypothermia
	Hypothermia on cardiopulmonary bypass has been extensively studied to reduce the cerebral metabolic rate of oxygen[endnoteRef:51]. However, it has also been linked with increased infection risk and coagulopathy with increased transfusion requirements[endnoteRef:52]. Excluding surgeries where circulatory arrest is required, the ideal temperature on CPB to preserve neurocognitive function is still debated. Both hypothermia[endnoteRef:53] and hyperthermia 40 during CBP are associated with impaired cerebral autoregulation.  [51:  Croughwell N, Smith LR, Quill T, Newman M, Greeley W, Kern F, Lu J, Reves JG. The effect of temperature on cerebral metabolism and blood flow in adults during cardiopulmonary bypass. J Thorac Cardiovasc Surg 1992; 103: 549-54.]  [52:  Campos J-M, Paniagua P. Hypothermia during cardiac surgery. Best Practice & Research Clinical Anesthesiology 2008; 22(4): 695-709.]  [53:  Joshi B, Brady K, Lee J, et al. Impaired autoregulation of cerebral blood flow during rewarming from hypothermic cardiopulmonary bypass and its potential association with stroke. Anesthesia & Analgesia 2010; 110(2): 321-8.] 

	In 2013, Lenkin et al.[endnoteRef:54] performed a randomized trial of 40 adult patients undergoing on-pump valvular surgery for two or more valves. Patients were split into 2 groups by temperature management: (i) a normothermic group with core temperature maintained at 36.6oC during CBP, and (ii) a hypothermic group with core temperature maintained at 32oC during CPB. The authors found that the central venous oxygen saturation as measured via pulmonary artery catheter was significantly higher in the hypothermic group, suggesting the normothermic group expectedly had higher oxygen consumption. However, the rSO2 was significantly higher in the normothermic group. The investigators concluded that although oxygen extraction is higher in normothermia, oxygen tissue delivery is also higher. Therefore, normothermia may be more optimal than hypothermia or hyperthermia to preserve cerebral oxygen saturation. [54:  Lenkin AI, Zaharov VI, Lenkin PI, Smetkin AA, Bjertnaes LJ, Kirov MY. Normothermic cardiopulmonary bypass increases cerebral tissue oxygenation during combined valve surgery: a single-centre, randomized trial. Interactive Cardiovascular and Thoracic Surgery 2013; 16(5): 595-601.] 


OPTIMIZING THE CARRYING CAPACITY OF OXYGEN
	While increasing PaO2 by increasing oxygenation during bypass or the fraction of inspired oxygen (FiO2) and positive end expiratory pressure during mechanical ventilation are obvious, the ideal hemoglobin concentration during cardiac surgery is less clear 17. Some well-regarded trails advocate for more restrictive transfusion thresholds (hemoglobin <7.5)[endnoteRef:55],[endnoteRef:56], while others support more liberal management (hemoglobin <9.5)[endnoteRef:57]. With regards to the utilization of cerebral oximetry to guide blood transfusions during cardiac surgery, little research has been conducted and evidence is lacking, as noted above (See “Clinical Outcomes: Transfusion Thresholds”). [55:  Mazer CD, Whitlock RP, Fergusson DA, et al. Restrictive or Liberal Red-Cell Transfusion for Cardiac Surgery. The New England Journal of Medicine 2017; 377: 2133-44.]  [56:  Mazer CD, Whitlock RP, Fergusson DA, et al. Six-Month Outcomes after Restrictive or Liberal Transfusion for Cardiac Surgery. The New England Journal of Medicine 2018; 379: 1224-33.]  [57:  Shehtata N, Burns LA, Nathan H, et al. A randomized controlled pilot study of adherence to transfusion strategies in cardiac surgery. Transfusion 2012; 52(1): 91-9.] 


Limitations of Cerebral Oximetry in Cardiac Surgery
There are notable limitations to NIRS technology that must be considered. Regional cerebral oximetry values are patient specific and should be utilized in the context of a preinduction baseline value. Baseline rSO2 values vary by sex and age[endnoteRef:58]. They are also affected by skin pigmentation since melanin absorption interferes with the measurement of hemoglobin oxygenation[endnoteRef:59]. The baseline value should be obtained during states mimicking the patients natural state at least 3-5 minutes before induction with minimal supplemental oxygen. [58:  Robu CB, Koninckx A, Docquier M-A, et al. Advanced Age and Sex Influence Baseline Regional Cerebral Oxygen Saturation as Measured by Near-Infrared Spectroscopy: Subanalysis of a Prospective Study. Journal of Cardiothoracic and Vascular Anesthesia 2020; 34; 3282-3289.]  [59:  Sun X, Ellis J, Corso PJ, et al. Skin pigmentation interferes with the clinical measurement of regional cerebral oxygen saturation. Br J Anaesth 2015; 114(2): 276-80.] 

There is large variation in cerebral oxygenation values between different manufacturers. It is important to analyze cerebral oximetry values from one phase of care to the next using a cerebral oximeter from the same manufacturer[endnoteRef:60].  [60:  Thiele RH, Shaw AD, Bartels K, et al. American Society for Enhanced Recovery and Perioperative Quality Initiative Joint Consensus Statement on the Role of Neuromonitoring in Perioperative Outcomes: Cerebral Near-Infrared Spectroscopy. Anesthesia & Analgesia 2020; 131: 1444-55.] 

During states of hypocapnia, cerebral oximetry readings are less accurate, which has been attributed to an increased tissue oxygen extraction in settings of low PaCO2[endnoteRef:61]. Cerebral oximetry monitors are at risk for extracranial contamination of rSO2 values from direct compression of external tissues, subdural hematomas, and possibly vasopressor use[endnoteRef:62]. There are other chromophores in tissues that may dampen the NIRS signal, such as myoglobin and bilirubin. Fortunately, there is limited amounts of muscle in the scalp, but the contamination of myoglobin must be considered if NIRS is used elsewhere in the body. In patients with elevated bilirubin values, like cirrhosis, cerebral oxygen saturation is artificially low[endnoteRef:63]. Cerebral oximeters only measure regional cerebral oxygenation of the frontal cortex, with large areas of the brain remaining unmonitored. [61:  Schober A, Feiner JR, Bickler PE, Rollins MD. Effects of Changes in Arterial Carbon Dioxide and Oxygen Partial Pressures on Cerebral Oximeter Performance. Anesthesiology 2018; 128: 97-108.]  [62:  Davie SN, Grocott HP. Impact of Extracranial Contamination on Regional Cerebral Oxygen Saturation: A comparison of Three Cerebral Oximetry Technologies. Anesthesiology 2012; 116(4): 834-40.]  [63:  Madsen PL, Skak C, Rasmussen A, Secher NH. Interference of cerebral near-infrared oximetry in patients with icterus. Anesthesia & Analgesia 2000; 90(2): 489-93.] 


rSO2 compared to other Neuromonitors
	Other neuromonitors currently utilized in cardiac surgery include electroencephalogram (EEG), processed EEG, transcranial doppler, and jugular bulb venous oxygen saturation[endnoteRef:64]. Except for jugular venous oxygen saturation, all are non-invasive. EEGs can detect cerebral ischemia in the superficial layers of the cerebral cortex, but are confounded by multiple aspects of anesthesia care, like depth of anesthesia and temperature. EEGs are also costly, time intensive to apply, and require additional training interpret. Like NIRs, processed EEG is simple to use clinically, can minimize excessive depth of anesthesia, and has been associated with a reduction in postoperative delirium 7. The ability of processed EEG to detect cerebral ischemia and to avoid awareness under anesthesia is uncertain. Transcranial doppler, while non-invasive, still requires significant expertise and can be difficult to capture images in all patients. However, it can directly confirm CBF to each hemisphere is possibly detect cerebral emboli. Like NIRS, it can determine the threshold MAP for cerebral autoregulation in individuals. Lastly, jugular bulb venous oxygen saturation in the most invasive form of monitoring. Decline jugular venous oxygen saturation has been linked to postoperative cognitive decline. Despite this, there is still significant variability for baseline levels in each patient and it is also prone to extracerebral contamination. [64:  Lewis C, Parulkar SD, Bebawy J, Sherwani S, Hoque CW. Cerebral Neuromonitoring During Cardiac Surgery: A Critical Appraisal With an Emphasis on Near-Infrared Spectroscopy. Journal of Cardiothoracic and Vascular Anesthesia 2018; 32: 2313-2322.] 


Discussion
With neurocognitive complications after cardiac surgery contributing to significant increases in morbidity, mortality, and financial burdens, the motivation to identify technology that many diminish these complications is indisputable. Even without conclusive evidence that using cerebral oximetry minimizes neurological outcomes in cardiac surgery, the relatively inexpensive, non-invasive, simplistic nature of NIRS monitoring makes it an attractive option. There is a low threshold for utilizing this neuromonitoring method compared to its logistically cumbersome and financially burdensome counterparts.
Regarding clinical outcomes from cerebral oximetry monitoring in cardiac surgery, the substantial heterogeneity across studies has limited the ability to assess NIRS’ full impact. The threshold for a clinically significant rSO2 desaturation varied across studies anywhere from <10% decrease from baseline to a <30% decrease from baseline. Some studies incorporated absolute values of rSO2 into their desaturation thresholds, yet cutoffs ranged from 45 to 60%. Some performed no intervention when a desaturation occurred, others implemented undefined groups of interventions, and even others targeted one specific intervention. Thus, there is a lack of uniformity in assessing outcomes, including which scoring tools to use and the appropriate duration of follow-up. That said, systematic reviews and meta-analyses of currently published studies have found no association between cerebral oximetry use and clinical outcomes in cardiac surgery, including stroke, POCD, delirium, myocardial infarction, acute kidney injury, and overall mortality. 
The evidence to support particular interventions or combinations of interventions is equivocal. Increasing pump blood flow may be a successful intervention to minimize cerebral desaturations measured with NIRS, whereas utilizing vasopressors to improve MAP may not be as efficient.  Further, cerebral oximetry’s ability to identify the limits of each patient’s individual cerebral blood flow autoregulation is meaningful. Despite this, a statistically significant change in morbidity and mortality is still under investigation, with no apparent association to date. 
Compelling new clinical applications of cerebral oximetry in cardiac surgery are underway. Lopez et al. [endnoteRef:65] have begun assessing if hyperoxia after hypoperfusion can worsen ischemic insults as measured by NIRS, leading to worsened neurocognitive outcomes. The newly FDA-approved Masimo O3 cerebral oximeter integrates SedLine brain function monitoring and displays relative changes in oxygenated, deoxygenated, and total hemoglobin. [65:  Lopez MG, Pandharipande P, Morse J, et al. Intraoperative cerebral oxygenation, oxidative injury, and delirium following cardiac surgery. Free Radic Biol Med 2017; 103: 192-198.

TABLES
TABLE 1: Summary of the four FDA approved cerebral oximeters.



TABLE 2: A revised version of the results from Semrau et al. (2021) systematic review of studies that support a relationship between cerebral oximetry and neurological complications post-cardiac surgery.

POCD = postoperative cognitive decline




FIGURES

FIGURE 1: Top left – description of spatially resolved spectroscopy; Bottom left – sample cerebral oximeter monitor display; Right – visual representation of the self-adhesive pads applied bilaterally to the forehead with infrared light leaving the light emitting diodes and being sensed at spatially distinct detectors.
oxyHgb = oxygenated hemoglobin
deoxyHgb = deoxygenated hemoglobin















FIGURE 2: List of possible interventions to address cerebral oxygen desaturations during cardiac surgery.


























FIGURE 3: Revised treatment algorithm for cerebral desaturations from Murkin et al. in 2007.
rSO2 = regional cerebral oxygen desaturation
CPB = cardiopulmonary bypass
MAP = mean arterial pressure
CVP = central venous pressure
PaCO2 = partial pressure of carbon dioxide in arterial blood
Hgb = hemoglobin
RBC = red blood cell
O2 = oxygen
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Future research is needed to appraise cerebral oximetry desaturation thresholds that result in clinically significant outcomes during cardiac surgery. In addition, standardization of neurocognitive outcome assessment tools that appropriately assess the outcome of question, like Confusion Assessment Method for delirium, should be employed in forthcoming trials. One area of necessary future research includes defining clinically significant cerebral oxygen saturations. Another essential area of research includes the assessment of which intervention is most effective. Once a clinically significant desaturation occurs, a prescribed intervention or set of interventions should be given. The Murkin algorithm (FIGURE 3) implemented by most cerebral oximetry trials is too vague and allows for too much flexibility by the anesthesiologist, which ultimately limits the power of the outcomes. Lastly, there is a need for health economic analysis to support the adoption of cerebral oximetry. There is no evidence to date that supports the utilization of cerebral oximetry in cardiac surgery to impact clinical outcomes beyond the research setting.





List of Abbreviations
Bispectral index (BIS)
Cardiopulmonary bypass (CPB)
Cerebral blood flow (CBF)
Confusion Assessment Method (CAM)
Coronary artery bypass graft (CABG)
Electroencephalogram (EEG)
Food and Drug Administration (FDA)
Fraction of inspired oxygen (FiO2)
Intensive care unit (ICU)
Intravenous (IV)
Mean arterial pressure (MAP)
Mini-Mental State Exam (MMSE)
Montreal Cognitive Assessment (MoCa)
Near-infrared spectroscopy (NIRS)
Partial pressure of carbon dioxide (PaCO2)
Partial pressure of oxygen (PaO2)
Postoperative cognitive dysfunction (POCD)
Regional cerebral oxygen saturation (rSO2)
Total intravenous anesthesia (TIVA)
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