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Cerebral injury is a frequent complication of cardiac surgery and has been associated with high
mortality, morbidity, hospital costs, and an increased likelihood of admission to a secondary
care facility after hospital discharge, and impaired quality of life.47,71,78,86 There are a
variety of manifestations of perioperative cerebral injury including ischemic (or, less
commonly, hemorrhagic) stroke that occurs in 1.5% to 5.2% of patients, encephalopathy
affecting 8.4% to 32% of patients, and neurocognitive dysfunction affecting 20% to 30% of
patients one month after surgery.47,71,78,86 The range in reported incidences between studies
is likely due to different patient populations (e.g., patient age and risk status, types of
procedures), diagnostic definitions, and the intensity of clinical surveillance. Contemporary
studies using sensitive brain MRI with diffusion weighted imaging report that as many as 45%
of patients who have undergone cardiac surgery have new ischemic brain lesions that are often
clinically undetected.47,63

The prevailing hypothesis, though not definitively proven, is that all forms of injury associated
with cardiac surgery (i.e., stroke, encephalopathy, and neurocognitive dysfunction) have a
similar etiology and that the manifestations depend on the extent and location of brain injury
(e.g., motor cortex vs. areas subserving cognition). Many earlier studies that have described
long-term neurocognitive changes after cardiac surgery have failed to include a non-surgical
control group.47,79 In a longitudinal study of patients with coronary artery disease undergoing
either percutaneous coronary interventions or coronary artery bypass grafting (CABG), there
were no differences in cognitive measures 36 months after either procedure.88 These data
imply that the effects of cardiac surgery on cognition may be short-lived (i.e., ~ 3 mo) and that
progression of inherent cerebral vascular disease is a more important determinant of long-term
cognitive decrements. These results further underscore the low sensitivity and specificity of
psychometric testing for detecting cerebral injury in elderly populations with a high prevalence
of preexisting cognitive impairment.47

In this paper, we will examine postulated mechanisms for cerebral injury from cardiac surgery.
Most emphasis has been placed in the past on the intraoperative interval as being the period of
highest cerebral vulnerability. Many clinical cerebral events, however, occur in the
postoperative period. We have reported, in fact, that > 20% of clinical strokes occur after
recovery from surgery and anesthesia.45,71 Thus, patients must be considered vulnerable to
cerebral injury any time during the perioperative period.
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Cerebral Embolism
Cerebral injury from cardiac surgery is primarily ischemic, secondary to embolism and/or
cerebral hypoperfusion.47 Primary intra-cerebral hemorrhage is found on brain imaging in <
1% to 2% of patients, depending on the type of surgery.11 Neuronal injury is likely exacerbated
by inflammatory processes resulting from cardiopulmonary bypass (CPB) and ischemia/
reperfusion.47,59 Between 30–50% of perioperative strokes detected with brain imaging are
due to cerebral macroembolism likely arising from the ascending aorta.10,28,45,64,101
Encephalopathy and neurocognitive dysfunction are believed to result primarily from cerebral
microembolism..3,18,20,47,57,73,82,84,92 Microemboli are either gaseous or particulate in
composition. Gaseous emboli can arise form an open left-sided cardiac chamber or from air
entrained into the CPB circuit.47 The view that microemboli are the proximate cause of
neurocognitive dysfunction is based in part on indirect data from retinal angiographic
evaluations, autopsy studies, and animal experiments where cognitive end-points were not
assessed.47,9,19 A more direct link is suggested by studies showing that the number of
transcranial Doppler detected arterial embolic signals during CPB is related to cognitive
impairment after CABG surgery.10 It is increasingly apparent, though, that postoperative
cognitive dysfunction is not solely explained by this mechanism and is likely multifactorial.
1,15,30,99 For example, in studies of open-chamber cardiac valve surgery cognitive decline
was not correlated with the number of Doppler cerebral microembolic signals, and reducing
cerebral microembolism (e.g., with “off-pump” surgery) does not significantly improve
cognitive outcomes.13,99

Cerebral Hypoperfusion
Blood pressure during CPB is often maintained at a MAP of 50 to 70 mmHg based on data
showing that cerebral blood flow (CBF) autoregulation is maintained using α-stat pH
management.76 In brief, α-stat pH management accepts physico-chemical changes that occur
with cooling of the blood that result in an increased solubility of CO2 and thus increases in pH.
The rationale is that this type of response is physiologic in reptiles and that it maintains optimal
functioning of enzymes during hypothermia. From a practical perspective, with α-stat pH
management, the arterial blood gases are performed and interpreted at 37°C (regardless of
actual body temperature). Thus, targets for pH and PaCO2 are the same as with normothermia
(i.e., not corrected to the patients temperature). In contrast, with pH-stat arterial blood gas
management, pH and PaCO2 performed at 37°C, are corrected to the patient’s body temperature
(automatically with a computer, or with a nomogram). Thus, to maintain normocarbia, CO2 is
often added to the CPB circuit leading to cerebral vasodilation and loss of autoregulation.

In a randomized study targeting a MAP on CPB of 50 to 60 mmHg or 80 to 100 mmHg, there
were fewer combined myocardial infarctions and strokes in the “high” vs “low” MAP group
(P=0.026).34 Many cardiac surgery patients might have abnormal CBF-blood pressure
autoregulation, or an have an autoregulatory relationship that is displaced towards higher blood
pressures.47 Further, episodes of hypotension are common perioperatively for many reasons
including cardiac arrhythmias, impaired left ventricular function, or low systemic vascular
resistance. Resulting cerebral hypoperfusion might be a primary cause of cerebral injury or it
might exacerbate injury due to embolism (e.g., delayed embolism “washout”, impaired
perfusion of ischemic penumbra, the area of at-risk brain tissue surrounding an acute infarct).
65 This form of injury might be of increasing importance in an aging surgical population.

Contemporary studies using brain magnetic resonance imaging indicate that as many as 50%
of elderly patients have old strokes, white matter lesions, and/or lacunar infarcts prior to cardiac
surgery.35,47,84 These brain lesions may not be detected clinically but they are associated
with cerebral vascular disease that increases the risk for neurological complications. Further,
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75% of patients undergoing CABG surgery were found to have cerebral perfusion
abnormalities using SPECT imaging before surgery.74 Finally, 27–43% of patients have been
reported to have cerebral O2 desaturations during CPB indicating cerebral O2 demand/delivery
mismatch.23,44 Further support for the cerebral hypoperfusion hypothesis was provided in 2
recent studies.36,37 In an analysis of data of patients who had diffusion-weighted MRI for
stroke after cardiac surgery, 68% were found to have “watershed” strokes occurring at the
borderzone between cerebral vascular territories (Figure 1). A reduction in MAP during CPB
of ≥ 10 mmHg from baseline was associated with a 4.05 times increased odds (95% CI 1.03,
15.98) for bilateral watershed strokes. In-hospital mortality was higher for patients with
bilateral watershed strokes compared with those with other types of cerebral infarctions (17%
vs. 4%, p=0.04). In a separate series of patients, a decrease in MAP during CPB from baseline
was found to predict short-term worsening in cognitive performance36.

Cerebral hypoperfusion might be particularly important as a source of cerebral injury during
“off-pump” CABG surgery. During the latter, the heart is displaced to gain exposure of lateral
or posterior coronary arteries. This leads to the combination of systemic hypotension and
cerebral venous hypertension from traction on the superior vena cava.30 Cerebral hypoxemia
inferred from EEG and cerebral oximetry monitoring was found in 15% of 550 patients
undergoing “off-pump” CABG surgery.80

Atherosclerosis of the Aorta
Clinical investigations and autopsy reports have clearly linked atherosclerosis of the thoracic
aorta and cerebral injury after cardiac surgery.10,101 Observational studies have shown, for
example, that atherosclerosis of the ascending aorta detected at the time of surgery is an
independent risk factor for stroke.45,86,101 Atherosclerotic disease of the aorta has been
further linked to a higher number of TCD detected cerebral microembolic signals during CABG
surgery and to greater rates of postoperative neurocognitive dysfunction compared with
patients without severe atherosclerosis.66 As many as 1/3 of moderate and severe aortic
atheromas may not be detected by direct palpation of the aorta by the surgeon. Epiaortic
ultrasound has been established as the most sensitive means for detecting atherosclerosis of
the ascending aorta.47,101 Several systems for classification of atherosclerotic lesions have
been proposed (Table 1 and Figure 2).24,54,85,95 Regardless of the detection method
(transesophageal or epiaortic echocardiography), a relationship between the frequency of
neurological events and the severity of aortic atherosclerotic disease is well established.

It is widely postulated that the proximate cause of atheroembolism is disruption of atheroma
during surgical manipulations such as for aortic cannulation, aortic cross-clamping, or proximal
coronary artery anastamosis. These interventions are associated with increases in Doppler
detected cerebral embolic signals, but the composition of these emboli cannot be determined.
5,92 Disruption of atherosclerotic lesions was verified in a study of 472 patients who underwent
epiaortic ultrasound before and after CPB, with new mobile lesions of the ascending aorta
identified in 10 (3.4%) of patients after surgery at sites of aortic clamping or cannulation96,
and stroke occurring in 3 of these 10 patients. A smaller study by Ribakove et al85 revealed a
similar rate of stroke (3 out of 10) in patients with identified mobile lesions. More recently,
Swaminathan et al93 demonstrated the potential of atheroma disruption due to the
“sandblasting” effect of CPB at the site of the aortic cannula. Injury involving atherosclerotic
lesions not only can result in emboli during surgery but may also expose lipid-laden, pro-
thrombotic material that could conceivably promote thrombus formation postoperatively after
heparin neutralization. Finally, atherosclerosis of the ascending aorta identifies patients likely
to have severe atherosclerosis of cerebral arteries who are prone to cerebral injury from
hypoperfusion. For this reason, avoidance of significant hypotension during and after surgery
may be prudent to avoid neurologic injury.
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Lipid Embolism from Pericardial Suction Aspirate
Small capillary arteriolar dilations (“SCADs”) histologically staining positive for lipid material
are found at autopsy in brain microvessels of humans dying after cardiac surgery.73
Experimental studies have suggested that the source of SCADs to be fat arising from the
cardiotomy suction aspirate that is returned to the CPB reservoir.14 In a small study, dogs
undergoing hypothermic CPB using cardiotomy suction were found to have more SCADs/
cm2 tissue (n=5, 46.5±14.5, p=0.04) than dogs undergoing CPB without cardiotomy suction
(n=3, 4.54±1.69), right heart only CPB (n=3, 1.77±0.77), or lower extremity CPB (n=2, 4.17
±1.65 SCADs/cm2 tissue).14 During dog CPB, arterial line filtration was inefficient at
decreasing SCADs during CPB compared with processing of cardiotomy suction aspirate with
a cell saver (24±5 vs 11±3 SCADs/cm2 of tissue, p=0.02).56 These data have led to some
investigators to advocate either discarding or processing pericardial aspirate with a cell saver.
There are conflicting data from humans, though, on the efficiency of this strategy to remove
lipids from aspirated pericardial blood. In a study of 20 patients, cell saver processing of blood
led to a significant reduction in lipid material compared with filtration of the blood prior to
return to the CPB reservoir (87% vs 47% reduction in fat/slide, p=0.0007).50 Others, though,
have reported that dual filtration of cardiotomy blood (filters before and after a cardiotomy
blood specific reservoir) prior to return to the CPB reservoir led to a greater reduction in blood
fat content compared with cell saver processing (p<0.001).55 The risk/benefit ratio of these
procedures are not well established. It is unclear whether processing of cardiotomy suction
blood improves neurological outcomes in humans. Cell saver processing of large quantities of
blood (e.g., unexplained bleeding or reoperative sternotomy) can deplete blood coagulation
factors and platelets with ensuing coagulopathy. Platelet transfusions have been associated
with worse outcomes including stroke in patients undergoing cardiac surgery.89 Thus the
reduction in cerebral injury from one source (lipid emboli) by might be offset by other
mechanisms of injury (platelet transfusion, hemodynamic instability due to blood loss).

Cerebral Hyperthermia
Hypothermia reduces the size of experimental brain infarction and leads to improved
neurological outcomes and survival in victims of out-of-hospital cardiac arrest.7,40,72
Cerebral benefits occur with modest (2°C to 5°C) temperature reductions. While commonly
used during CPB, there is little evidence for the neuroprotective effects of hypothermic CPB.
47 Using the Cochrane Controlled Trials Register, Rees et al83 reviewed randomized clinical
trials of hypothermia for patients undergoing first time or reoperative CABG surgery. There
were no differences in the incidence of non fatal strokes with hypothermia versus normothermia
(OR 0.68, 95% CI, 0.43 to 1.05), but there was a trend towards a higher rate of non stroke
related perioperative deaths with hypothermia (OR 1.46, 95% CI, 0.9 to 2.37). The reviewers
concluded that data was insufficient to make firm conclusions regarding the use of mild
hypothermia for the prevention of neurological complications. These findings might be
explained by inadvertent cerebral hyperthermia during re-warming from hypothermic CPB as
well as in the postoperative period.38 Unrecognized cerebral hyperthermia, which can worsen
ischemic brain injury, might occur due to the proximity of the aortic cannula to the cerebral
vessels and because brain temperature may be underestimated by standard temperature
monitoring.21,72 There are several proposed strategies for reducing cerebral hyperthermia
during re-warming and after surgery, most notably the avoidance of full re-warming. Nathan
et al77 reported that re-warming from hypothermic CPB (32°C) to a nasopharyngeal
temperature of 34°C was associated with fewer cognitive deficits 1 week and 3 months after
CABG surgery compared with re-warming to 37°C. In that study of 223 patients, the duration
of mechanical ventilation, blood loss, blood transfusion rates, and re-operation rates for
bleeding were not different between groups.
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Hyperglycemia
Elevated serum glucose is common during cardiac surgery even in non-diabetics in part due
to the stress response induced by CPB and hypothermia. Hyperglycemia (i.e., > 140 mg/dL)
contributes to cerebral injury via several mechanisms including cellular acidosis, oxidative
stress, increased blood–brain barrier permeability, and brain edema.47 Interest in strict
perioperative glucose control was fostered by data showing lower infection rates by avoidance
of hyperglycemia and by data showing improved outcomes in critically ill patients with
intensive insulin infusions.31 98 In surgical ICU patients there was a 34% reduction in mortality
(8% vs 4.6%, p=0.04) when glucose was kept between 80 to 110 mg/dL with intensive insulin
infusions compared with standard therapy (insulin when glucose > 215 mg/dL).98 Improved
outcomes were observed, though, only in patients requiring > 5 days of ICU admission. A
subsequent trial using a similar protocol in medical ICU patients found lower morbidity but
higher mortality in patients receiving intensive insulin treatment who required < 3 days of ICU
admission compared with the standard treatment group.97 Mortality was lower with intensive
insulin infusion when ICU length of stay was > 3 days.

The benefits of “tight” glucose control during cardiac surgery, particularly with regards to
neurological outcomes, is less clear. In a prospective randomized trial, there were no
differences in the frequency of neurological complications 6 weeks and 6 months after CABG
surgery for patients receiving intraoperative insulin when glucose was > 100 mg/dL compared
with insulin when glucose was >200 mg/dL.16 Serum glucose was difficult to maintain in that
study, thus, leaving unanswered the question of whether euglycemia during cardiac surgery
might improve neurological outcomes. In a randomized trial of 400 patients undergoing cardiac
surgery, the frequency of the composite outcome of death, cardiac morbidity, stroke, or renal
failure was higher for patients given an insulin infusion to maintain intraoperative glucose
between 80–100 mg/dL compared with conventional treatment of insulin when glucose was >
200 mg/dL (p=0.02).32 While “tight glycemic control” may have other benefits for reducing
infection, there are little data to support this strategy as a means for improving neurological
outcomes from cardiac surgery.

Perioperative Anemia
Observational studies in humans suggest a link between low hematocrit on CPB and mortality
after cardiac surgery.25,29,41 Habib et al41 further reported that hematocrit <22% on CPB
was independently associated with stroke and other complications. In an analysis of data from
10,949 patients, Karkouti et al53 confirmed this finding showing that the odds of stroke
increased 10% for each 1% decrease in hematocrit during CPB. Anemia may result in cerebral
injury by reducing tissue oxygen delivery and/or by increasing embolic load due to higher
cerebral blood flow. The brain compensates for reduced arterial oxygen content by increasing
oxygen extraction and cerebral blood flow.22 In dogs, compensatory responses are sufficient
to meet cerebral metabolic demand to a hematocrit of 15% at 28°C and a hematocrit of 18%
at 28°C.22 Ischemic cerebral tissue, however, might be unable to increase oxygen extraction
when hematocrit is < 30%.26 The limited data on transfusion triggers in adults recovering from
CABG surgery do not address neurological outcomes.51 12 Mathew et al67 randomized 107
patients undergoing CABG surgery to a minimal CPB hematocrit of 27% or 15% to 17%
(presented as an abstract). The study was interrupted by the data safety monitoring committee
due to higher adverse event rates in the low hematocrit group, including greater cognitive
decline 6 weeks after surgery in the lower hematocrit groups. While anemia during CPB is
associated with risk for cerebral injury, whether red blood cell transfusion reduces this risk is
unclear.
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Atrial Fibrillation
Atrial fibrillation is common after cardiac surgery, affecting > 30% of patients with even higher
rates reported after cardiac valve surgery and in older patients.46,69 This arrhythmia may occur
any time perioperatively but it typically occurs on postoperative day 2 or 3. Multiple studies
have documented an independent association between postoperative atrial fibrillation and
postoperative stroke.46 A relation between atrial fibrillation and postoperative neurocognitive
dysfunction has been further demonstrated.90 In a study of 2630 patients undergoing CABG
surgery, Lahtinen et al60 found that atrial fibrillation preceded stroke in 19 of 52 (36.5%)
patients with a cerebral ischemic event. These patients experienced an average of 2.5 episodes
of atrial fibrillation before the stroke. In a multicenter observational study of 4657 CABG
surgery patients, Mathew et al69 emphasized the importance of delineating the timing of
postoperative atrial fibrillation in relation to cerebral events and other adverse outcomes. Atrial
fibrillation was not associated with risk for postoperative stroke, but it was an independent
predictor of encephalopathy and of a composite outcome that included changes in Mini-Mental
State Exam score and increases in the National Institutes of Health Stroke Scale (higher score
indicates worsening neurological function). Treatment with aspirin early after surgery might
explain the lack of an association between atrial fibrillation and postoperative stroke in this
cohort. While there have been numerous randomized trials of interventions to decrease the
incidence of atrial fibrillation following cardiac surgery, a consistent reduction in stroke or
encephalopathy rates is not demonstrated in these studies.

Genetic Predisposition
It has been suggested that genetic predisposition might explain the marked variability in
individual susceptibility for cerebral injury from cardiac surgery despite similar risk. Tardiff
et al94 was the first to show a relationship between risk of postoperative neurocognitive
dysfunction presence of the apolipoprotein E ε4 allele. The apolipoprotein E (APOE) ε4
genotype is a plausible candidate gene since it has been shown to increase risk for Alzheimer’s
disease and cognitive decline after cerebral injury.42,49,52,100 Apolipoprotein E is encoded
by three alleles, ε2, ε3, and ε4 that occur respectively in 8%, 75%, and 17% of individuals of
European decent..33 Apolipoprotein E has multiple functions in the central nervous system
that might predispose to cerebral injury when the lipoprotein is abnormal.6,61,62,81 The
mechanism by which apolipoprotein ε4 might increase risk for cognitive impairment is not
known but it may be due in part to its relationship with advanced atherosclerosis.48 Data are
inconsistent regarding the role of the apolipoprotein ε4 genotype in perioperative cerebral
injury.2,4,43,87,91,94

Other investigators have examined for a relationship between polymorphisms of genes
involved in pathways regulating coagulation, cell adhesion, and inflammation with
perioperative cerebral injury. Grocott et al39 found that the combination of 2 minor alleles of
C-reactive protein (CRP; 3′UTR 1846C/T) and interleukin-6 (IL-6; -174G/C) were
significantly associated with stroke after cardiac surgery (odds ratio, 3.3; 95% CI, 1.4 to 8.1;
P=0.0023). Mathew et al68 found that the PlA2 variant of the platelet glycoprotein IIIa was
independently associated with decline from baseline on the mini-mental status examination
after cardiac surgery. The C-reactive protein minor allele 1059G/C SNP (odds ratio, 0.37, 95%
CI, 0.16 to 0.78; p = 0.013) and the P-selectin allele SELP 1087G/A allele (odds ratio, 0.51,
95% CI, 0.30 to 0.85; p = 0.011) were further found to be associated with decline in cognition
6 weeks after CABG surgery.70 These data suggest that risk stratification for perioperative
cerebral injury based on genotype may become possible after validation of putative genes in
diverse patient populations.75
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Off-Pump CABG Surgery
Performing CABG surgery “off-pump” has been advocated to improve neurological outcomes
by avoiding the hemodynamic, inflammatory, and microembolic perturbations associated with
CPB. Support for this approach came initially from multiple non-randomized case series. In a
prospective randomized trial comparing “on” versus “off” CPB CABG surgery, Van Dijk et
al99 found no differences in neurocognitive outcomes early after surgery and after 1 year. In
this trial of 281 patients, the mean age was nearly 61 years and the patients were generally at
low risk for operative complications. In a follow-up study these investigators reported that
cognitive outcomes at 5 years remained no different between patients randomized to surgery
with or without CPB.27 In a meta-analysis of prospectively randomized clinical trials of “on”
versus “off” pump CABG surgery, Cheng et al17 concluded that there are no reductions in the
risk for stroke with off-pump CABG surgery, but there is insufficient evidence on whether the
rates of neurocognitive dysfunction might be affected. Randomized trials thus far enrolled only
low risk patients leaving unanswered the question of whether there are benefits to avoiding
CPB in patients at high risk for cerebral injury. Non-randomized studies, indeed, suggest that
stroke risk is lowered in such high risk patients by performing off-pump CABG surgery.8
Despite the theoretical advantages of off-pump CABG surgery, embolization of atheroma is
still possible during aortic manipulations for proximal bypass graft anastamosis.58 Further,
systemic hypotension combined with venous hypertension during cardiac manipulations for
enhancing coronary artery exposure can lead to reduced cerebral perfusion pressure
inadvertently predisposing to cerebral hypoperfusion. Consequently, the potential benefits of
avoiding CPB might be offset by other mechanisms of cerebral injury.
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Figure 1.
Diffusion weighted brain magnetic resonance image of a patient with stroke after cardiac
surgery. The bright images represent brain ischemic injury. The location of the injury in the
end vascular territory of the anterior and middle cerebral arteries and the middle and posterior
cerebral arteries is consistent with a watershed infarction due to cerebral hypoperfusion.
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Figure 2.
Transesophageal echocardiographic images demonstrating increasing severity of
atherosclerosis of the aorta using incremental 5point grading system.
From Fox JA, Formanek V, Friedrich A, et al. Intraoperative Echocardiography. In: Cohn LH
and Edmunds, LH Jr., eds. Cardiac Surgery in the Adult, 2nd Edition. New York: McGraw-
Hill, 2003:283-314 with permission.
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Table 1
Classification Systems of Atherosclerosis of the Ascending Aorta

Davila-Roman et al.24
   Normal No atheroma
   Mild <3 mm
   Moderate >3 mm
   Severe >3 mm with mobile or ulcerative lesions
Tunick et al.95
   Grade I (Insignificant) Intimal thickening of < 2mm
   Grade II (Moderate) Intimal thickening of 2–5 mm
   Grade III (Severe) > 5 mm or mobile protrusion
Katz et al.54
   Grade 1 Normal
   Grade 2 Extensive intimal thickening
   Grade 3 Protrudes < 5 mm into aortic lumen
   Grade 4 Protrudes > 5 mm into aortic lumen
   Grade 5 Mobile atheroma
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