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Abstract

Neurological injury resulting from cardiac surgery has a range of manifestations from focal 

neurological deficit to encephalopathy or coma. As the safety of drug-eluting stents comes into 

question, more patients will likely undergo coronary artery bypass graft surgery. These 

projections, along with the growing proportions of elderly patients and those with comorbidities, 

portend the potential for rising rates of perioperative neurological complications. The risk for 

neurological injury may be determined by the type of procedure, by patient-specific 

characteristics, and by the extent of cerebral embolization and hypoperfusion during and after 

surgery. Changes in surgical techniques, including the use of off-pump surgery, have not decreased 

rates of brain injury from cardiac surgery. When appropriate, modern neuroimaging techniques 

should be used in postoperative patients to confirm diagnosis, to provide information on potential 

etiology, to direct appropriate therapy, and to help in prognostication. Management of 

postoperative medications and early use of rehabilitation services is a recommended strategy to 

optimize the recovery for individuals with neurological injury after cardiac surgery.
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Postoperative neurological injury is an important source of patient morbidity and mortality 

after cardiac surgery. Patients who experience strokes in the first 30 days after cardiac 

surgery have a mortality rate upwards of 20%, compared with 2 to 4% for patients without 

stroke.1 Stroke is only one form of neurological injury after cardiac surgery; other 

manifestations include encephalopathy or delirium and coma. In combination with other 

forms of brain injury, it is estimated that between 6 and 28% of patients experience some 

type of perioperative neurological injury.2,3 With the increasing use of magnetic resonance 

imaging (MRI) with diffusion-weighted imaging (DWI), it is likely that this estimate will 

increase.

Overall, the risk for mortality from cardiac surgery has remained low despite rising numbers 

of elderly patients and patients at risk for poor outcome. These observations, however, place 
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increasing emphasis on perioperative complications as a source of patient outcome.4 The 

patients who are most likely to undergo cardiac surgery are the same individuals who are 

most likely to experience neurological complications resulting from surgery.

Over the last decade, cardiac surgery had become a less frequently used means of treatment 

for coronary artery disease due to a variety of reasons, including increasing use of 

percutaneous coronary artery interventions (PCI) with drug-eluting stents. In fact, PCI with 

stent implantation was used in over 80% of coronary revascularization cases in 2005.5 

Nonetheless, the pendulum is likely to swing back toward coronary artery bypass graft 

(CABG) surgery as new concerns arise regarding late thrombosis of drug-coated stents.6 

Further evidence supporting the theory that the number of CABG procedures may increase 

in coming years is found in an observational study comparing over 7,000 patients who 

underwent CABG surgery with almost 10,000 individuals who received PCI drug-eluting 

stents. Hannan and colleagues reported hazard ratios for death or myocardial infarction of 

0.71 and 0.75 for two- and three-vessel disease, respectively, demonstrating decreased 

mortality in those individuals undergoing CABG surgery.7

Thus, neurologists are increasingly likely to be called to evaluate patients who are about to 

undergo or who have recently undergone cardiac surgery. The reasons for consultation range 

from preoperative risk estimation to postoperative evaluation of a new focal neurological 

deficit, seizures, slowness to emerge from general anesthesia, delirium, or coma. 

Understanding the likely etiology of a patient’s condition requires knowledge of the types of 

neurological injuries that can occur to cardiac surgical patients, as well as knowledge about 

risks associated with particular surgery types.

TYPES OF CARDIAC SURGERY AND ASSOCIATED NEUROLOGICAL 

INJURY

Coronary Artery Bypass Graft Surgery

Individuals undergoing coronary artery bypass graft (CABG) surgery are the most frequently 

studied group of cardiac surgery patients. Between 0.8 and 5.2% of individuals undergoing 

CABG surgery have clinically evident stroke postoperatively.8,9 The range in prevalence 

depends on the patients studied, the way they are studied (for instance, retrospective vs 

prospective studies), and the depth of neurological examination. In our experience, the rate 

of clinically evident stroke rises in patients undergoing CABG surgery in combination with 

other procedures, such as valvular surgery.10 In a German population, 1.7% of patients 

having isolated CABG had neurological complications after surgery, whereas 3.3% of 

patients undergoing CABG with valve surgery developed stroke. The number increased 

further (to 6.7%) in patients undergoing multiple valve surgery.11 Patients who require 

repeat cardiac surgical procedures are also at increased risk for adverse outcomes, including 

stroke.12

The frequency of brain ischemia is certainly much higher when patients are examined with 

brain imaging. Small case series where MRI with DWI has been performed in patients after 

CABG surgery (regardless of neurological symptoms) report that between 18 to 26% of low-
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risk patients13,14 and 45 to 62% of high-risk patients15,16 have acute perioperative brain 

ischemia. Many of these lesions are quite small, multifocal, and might not be associated with 

classic focal neurological deficits. The long-term importance of perioperative brain ischemia 

has not been extensively studied, but may contribute to eventual cognitive decline.

Aortic Surgery

Rates of postoperative clinical stroke in patients undergoing surgery to the aortic arch range 

from less than 5%17 to over 10%.18 Surgery to repair aneurysms of the ascending aorta and 

aortic arch are often performed with the use of hypothermic circulatory arrest, which was 

initially developed in an attempt to provide neurological protection. This procedure is still 

commonly used for many aortic surgeries, although the development of selective cerebral 

perfusion is increasingly employed to avert the need for circulatory arrest in selected 

patients.

Retrograde cerebral perfusion, allowing flow to the brain via the superior vena cava during 

deep hypothermia, was developed as a means to protect the brain during surgery on the 

aortic arch; its use, however, has not been shown to reduce the frequency of adverse 

neurological outcomes and may actually worsen cerebral edema.19 A more frequently used 

technique is selective antegrade cerebral perfusion, a means of lessening the risk for 

neurological injury for selected patients undergoing extensive aortic aneurysm repairs.20 

This technique usually consists of cannulation of the innominate or left carotid artery, with 

clamping or snaring of the left subclavian artery to avoid a steal phenomenon.19 Fig. 1 is an 

example of the circuit used for this technique. Outcomes with this technique have been 

promising in observational series,21,22 although concern has been raised that this technique 

may only perfuse one side of the brain in the absence of an intact circle of Willis. Urbanski 

and colleagues determined that the use of computed tomography angiography (CTA) to 

identify completeness of the circle of Willis prior to surgery did not correlate with functional 

tests of cerebral cross-perfusion during aortic surgery with selective unilateral cerebral 

perfusion.22 These authors, therefore, did not recommend the standard use of preoperative 

CTA for this purpose. The best management to allow for optimal cerebral perfusion during 

aortic arch surgery for patients with known intracranial stenosis is still not clear.

Other specific potential neurological complications also must be considered in patients 

undergoing aortic surgery repair. For patients who have had dissection of the ascending 

aorta, the dissection can extend upwards into the neck vessels leading to stroke. The use of 

carotid stenting (without protection devices) has been described in a few case reports,23,24 

but definitive evidence is lacking as to the most appropriate treatment for these patients.

Isolated Valve Surgery

Patients undergoing valve replacement, without concomitant bypass grafting, have been less 

frequently studied. At our institution, in recent years, clinical stroke rates in patients getting 

isolated valve repair or replacement range from 2 to 5%, with rates of other types of 

neurological injury, including encephalopathy and seizures, ranging from 8 to 20%. Cook 

and colleagues found new acute infarctions on DWI MRI in 41% of patients undergoing 

isolated aortic or mitral valve replacement, with 35% having persistent neurocognitive 
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deficits at 4 to 6 weeks.25 In a sample of 42 patients who underwent MRI before and after 

surgery, all of whom had valve surgery, but only seven of whom also had CABG, Barber et 

al reported new clinical strokes in 5% of patients after surgery, but new postoperative DWI 

lesions in 43% of patients.26

PREOPERATIVE NEUROLOGICAL CONSULTATION FOR CARDIAC 

SURGERY PATIENTS

The consulting neurologist may be called upon for preoperative evaluation or treatment in 

patients, with or without history of cerebrovascular disease, scheduled for cardiac surgery. 

Assessment of carotid disease with duplex has a proven role in preoperative assessment of 

patients undergoing cardiac surgery.27 It has been proposed, however, that it is adequate to 

screen only those patients who are over 65 years of age, with a carotid bruit or with known 

cerebrovascular disease, and that such a practice would not worsen postoperative 

neurological outcomes.28

Although a detailed discussion of the controversy regarding the appropriate treatment of 

carotid disease in the setting of planned cardiac surgery is beyond the focus of this article, a 

brief discussion is warranted. The formal American College of Cardiology/American Heart 

Association (ACC/AHA) guidelines, updated in 2004, recommend, based on level C 

evidence (primarily from case series or extrapolated from observational studies), that carotid 

endarterectomy is “probably recommended before CABG or concomitant to CABG” in 

patients with high-grade asymptomatic disease (over 80%) or with symptomatic carotid 

stenosis. Further, they recommended carotid screening in patients over age 65 and those with 

left main coronary stenosis, peripheral vascular disease, history of smoking, history of 

transient ischemic attack (TIA) or stroke, or carotid bruit on examination (also level C 

evidence).29 The more recent use of cardiac stenting has added further uncertainty to the 

issue; observational evidence supports the safety and efficacy of a staged procedure 

consisting of carotid stenting prior to cardiac surgery for patients with asymptomatic carotid 

stenosis over 80%.30 It is appropriate to proceed with either surgical or endovascular repair 

of symptomatic carotid disease for patients scheduled to undergo cardiac surgery, but which 

of these is preferable, what to do with patients with asymptomatic disease, and when to do 

the procedures is still quite controversial. The approach chosen further depends on the 

experience of the surgical and interventional teams and on institutional outcomes. Some 

centers with low perioperative stroke rates contend that carotid endarterectomy is indicated 

in selected patients based on those indications recommended for patients not undergoing 

cardiac surgery. This practice is based on the theory that carotid surgery may/may not 

influence the perioperative stroke rate, but it improves long-term outcomes regardless of 

surgery.

Patients with cardiovascular disease of sufficient severity to require CABG surgery can also 

have intracranial vascular disease. In a Japanese study, Takeuchi and colleagues performed 

preoperative angiography in 100 high-risk patients, and found significant vascular stenosis 

or aneurysm in only seven of these patients.31 In another Japanese study, as many as 18.7% 

of patients scheduled for cardiac surgery had intracranial stenosis, with 33% having at least 
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50% extracranial carotid stenosis.32 However, intracranial stenosis is much more common in 

Japan than in the United States. There is no equivalent evidence supporting the role of 

preoperative vascular imaging, beyond carotid duplex, in American populations. This is 

particularly the case because the appropriate treatment, if intracranial stenosis were to be 

found, is not known. Known presence of such disease, though, might influence perioperative 

management (e.g., higher blood pressure during cardiopulmonary bypass).

Patients with a prior history of stroke who are on aspirin therapy should be maintained on 

aspirin, assuming no major concerns for hemorrhage. In fact, the use of aspirin for the 5 

days preceding surgery, regardless of prior cerebrovascular history, is considered safe and is 

even associated with decreased in-hospital mortality.33 In addition, it is recommended to 

wait, ideally, 4 weeks between an ischemic stroke and elective CABG surgery, given the 

need for heparinization during surgery among other factors.29

Preoperative neurological evaluation of patients undergoing cardiac surgery may also 

involve risk assessment. Specific factors leading to increased risk for postoperative stroke or 

other brain injury are discussed below.

TYPES OF NEUROLOGICAL INJURY AFTER CARDIAC SURGERY

Stroke

PREOPERATIVE PREDICTORS OF RISK—Patient preoperative characteristics are 

important in determining who is at risk for a postoperative stroke. In studies of predictors of 

postoperative stroke for patients undergoing CABG, hypertension, diabetes, and past stroke 

have been important indicators of stroke risk.34 Age is one of the most important predictors 

of brain injury. The risk for perioperative stroke is 4.6 times higher for individuals 65 to 75 

years old and 5.2 times higher for patients over 75 years of age, compared with those under 

65 years.1 Fig. 2 shows one schema used to predict probability of stroke in patients 

undergoing CABG surgery, based on patient preoperative characteristics.

In addition, women appear to have a higher risk of postoperative cerebral ischemia, as well 

as higher postoperative mortality, even after adjustment for other markers of disease 

severity.35,36 Aortic atherosclerotic disease has also been identified as a risk factor for 

postoperative stroke and neurological dysfunction, both in autopsy studies37 and in 

observational epidemiologic studies.3,35 In addition, extensive atheromatous disease of the 

aorta has been linked to transcranial Doppler-detected cerebral microemboli.38

Other authors have identified preoperative internal carotid stenosis39,40 as a predictor of 

postoperative stroke, particularly when the stenosis has been symptomatic.41,42 Intracranial 

stenosis, in a Korean series,43 has also been reported as a predictor of postoperative stroke 

and of borderzone strokes, in particular. These sources of stenosis could also lead to artery-

to-artery embolization, in addition to focal hypoperfusion (these mechanisms are further 

described below).

Genetic predisposition may help determine which patients are likely to develop stroke after 

cardiac surgery. Grocott and colleagues reported that certain alleles of the C-reactive protein 
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and interleukin-6 polymorphisms were associated with a threefold increased rate of 

postoperative stroke.44 In addition, Tardiff et al described an association between presence 

of an Apolipoprotein E ε4 allele and cognitive dysfunction at 6 weeks postoperatively45; 

however, other authors have failed to find this association.46

Table 1 summarizes some of the factors most frequently identified in the literature as 

predictors of postoperative stroke. This information is not only important for individual 

decisions about surgery, but for planning of future research in which treatments can be 

aimed at individuals with the greatest predicted risk of brain injury.

DIAGNOSIS—The approach to the diagnosis of a potential stroke after cardiac surgery 

should be similar to the approach to the diagnosis of acute stroke in any other setting. Leary 

and Caplan have emphasized that multimodal MRI, including DWI, perfusion-weighted 

MRI, and gradient-echo imaging, be used for patients with concern for postcardiac surgery 

ischemia.47 MRI with DWI is more sensitive than CT scanning in general for detecting new 

ischemic injury; this is also true in the post-CABG surgery population. This is particularly 

important because many patients with stroke after CABG surgery have multiple small 

embolic or watershed-territory infarcts that are less easily detected by CT scanning.48

The primary limitations to obtaining brain MRI scanning, beyond the standard 

contraindications in clinical practice, include the existence of temporary pacing wires, which 

remain in place for the first few days postoperatively, or hemodynamic instability precluding 

transport to the radiology suite. In most instances, MRI scanning can be performed in the 

first few postoperative days. If it is not immediately available, however, it is often still useful 

and acute infarction will remain bright on DWI MRI for up to 7 to 10 days.

STROKE TYPES—Most strokes occurring as a result of cardiac surgery are either 

embolic-appearing in distribution (in multiple vascular territories) or in watershed territories 

between major cerebral arteries.48,49 Stroke in this setting is almost exclusively ischemic; 

intracerebral hemorrhage is rare,47 occurring in less than 1% of most patient populations and 

only up to 1 to 2% in patients undergoing valvular surgery.50

We have found that imaging of stroke may not only be helpful in the initial diagnosis, but 

may help in determining prognosis of patients with this complication. We reported that 

patients who had acute bilateral watershed infarcts by DWI MRI, when compared with 

patients with other acute infarct types, were 6 times as likely to go to inpatient rehabilitation, 

12 times as likely to go to chronic nursing facility, and 19 times as likely to die in the 

hospital as to go home.48 In this population, 8 of 10 deaths were in patients with bilateral 

watershed strokes (compared with other stroke types).48 Fig. 3 displays an example of 

bilateral watershed strokes, as diagnosed using DWI MRI.

Infarct pattern is likely a representation of the mechanism of neurological injury; patients 

with bilateral watershed infarcts may have worse short-term outcomes because of potential 

hypoperfusion injury during surgery,48 which could cause other end-organ injury as well. 

Brain ischemic injury in the setting of hypoperfusion could be exacerbated by intraoperative 

anemia,51,52 which is a clear predictor of postoperative adverse outcomes including stroke. 
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Karkouti et al described that each 1% drop in nadir hematocrit increased the odds of 

postoperative stroke by 10%.53 In a more recent study, the same authors have reported that 

the amount of anemia that a patient tolerates is dependent on his or her preoperative 

hemoglobin, with the highest risk for poor outcomes in patients with the maximum decrease 

in hemoglobin from baseline.54

Encephalopathy

Encephalopathy after cardiac surgery is often multifactorial in etiology and results from a 

combination of factors similar to those predictive of stroke 34 (and perhaps from subclinical 

stroke itself). Other contributing factors include medications (e.g., benzodiazepines) and 

metabolic derangements. Postcardiac surgery encephalopathy was initially described as a 

combination of alteration in level of consciousness and confusion55; more recently, it is used 

as a term to describe anything from slowness to emerge from general anesthesia to 

prolonged stupor.47 Between 18 and 28% of patients undergoing cardiac surgery become 

encephalopathic at some point in their postoperative course,2,8 although the encephalopathy 

is usually transient. However, this early encephalopathy may still predict poor long-term 

outcome; our institutional experience suggests out-of-hospital mortality may be linked to 

encephalopathy or other neurological injury in the early postoperative period.

The question as to whether encephalopathy, or even early cognitive dysfunction, represents 

otherwise subclinical stroke is controversial. In a study by Wityk et al, seven of eight 

patients with postoperative encephalopathy also had acute infarcts on MRI DWI, but not all 

patients with acute infarcts had encephalopathy or any other detectable neurological signs or 

symptoms.56

Treatment of encephalopathy can affect a patient’s outcome almost as much as the 

encephalopathy itself. In general, sedating and psychoactive medications should be avoided 

in elderly patients, as these medications may worsen delirium. Haloperidol, in particular, is 

not only associated with potential risk of prolonged QTc interval and risk of torsades de 

pointes,57 but it prolongs recovery from stroke and other neurological injuries58 and can 

remain in the body for weeks,59 and should thus be avoided in this setting. If a patient is 

extremely agitated and requires some form of psychoactive medication, use of a newer 

neuroleptic, such as quetiapine, olanzapine,60 or risperidone,61 may be considered.

Alpha-2 agonists have been studied recently as possibly beneficial in the treatment of 

postoperative delirium. These medications have been shown to decrease ischemia after 

cardiac surgery and may reduce postoperative mortality.62 In addition, they can be used for 

sedation and may actually prevent postoperative delirium. Dexmedetomidine, in particular, 

is an α-2 agonist that has proven to be an effective and safe sedative agent when compared 

with propofol in patients undergoing CABG,63 and has even shown reduced rates of 

delirium when compared with lorazepam in a randomized, controlled trial of critically ill 

patients.64 Based on animal data,65,66 dexmedetomidine has even been studied as a potential 

neuroprotectant, but results in human patients undergoing CABG have not been promising.63 

In addition, the quality of the sedation brought about by dexmedetomidine may be 

preferable to other sedating agents; patients on the medication have been described as 
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“tranquil,” in a sleep-like state but easy to rouse, without accompanying respiratory 

depression.67

Cognitive Dysfunction

There appears to be an early postoperative period when many patients who have undergone 

surgery with cardiopulmonary bypass have cognitive dysfunction, with particular problems 

with memory.68,69 Whether the process of undergoing major surgery with accompanying 

anesthesia is a risk factor for cognitive dysfunction, even for noncardiac surgery, is unclear. 

Although some authors have reported that patients undergoing noncardiac surgery are not 

generally at risk for cognitive dysfunction,68,70 Monk recently reported rates of cognitive 

dysfunction (at the time of hospital discharge) between 30 and 41%, depending on the age 

group, with persistent cognitive dysfunction at 3 months in elderly patients, beyond that seen 

in age-matched controls.71 There have been suggestions, however, that early post-CABG 

dysfunction may be due to cardiopulmonary bypass itself or to pathophysiologic 

perturbations resulting from bypass, such as inflammation or microembolism. However, 

patients undergoing cardiopulmonary bypass have much higher rates of other vascular 

disease, making it more likely that they not only have more preoperative small vessel 

ischemic disease and more preoperative strokes, but also increasing the odds of new 

postoperative infarction that could affect cognitive performance. It is difficult to estimate the 

extent of this dysfunction because this is highly dependent on how dysfunction is defined,72 

and the timing of testing. Further, many studies have not included a baseline assessment of 

cognitive performance, which makes any analysis of cognitive decline virtually 

impossible.73 In addition, there is now evidence that this early cognitive dysfunction unique 

to the cardiac surgery milieu may not last beyond 6 weeks postoperatively.

Longstanding cognitive complaints had been described in patients undergoing cardiac 

surgery70 in as many as 42% of individuals at 5 years,74,75 but reports of this extent of 

dysfunction were in studies without a clear control group. In more recent studies, cognitive 

function was followed over a period of 6 years after surgery and compared with patients 

with coronary artery disease and equivalent systemic vascular disease (and thus presumably 

equivalent cerebrovascular disease), but who have been treated without surgery. The finding 

that the rates of cognitive decline after surgery are similar between medically and surgically 

treated patients with coronary artery disease suggests that the long-term decline previously 

reported in patients undergoing coronary bypass surgery is most likely due to underlying 

cerebrovascular disease, and is not unique to the surgery itself.76 Decline in both groups 

with coronary artery disease appears steeper than equivalent decline in another group of 

controls without systemic vascular (and presumably cerebrovascular) disease.77

The association between early cognitive dysfunction and new acute brain infarction detected 

with brain imaging is unclear. Multiple authors have failed to find an association between 

new postoperative infarction and early cognitive dysfunction,14,16,25 whereas others have 

suggested that subtle cognitive changes do correspond to new infarction as detected by MRI 

DWI.78 These findings might have resulted from the use of cognitive testing measures that 

do not assess brain areas involved with infarction. With increasing use of MRI DWI, more 

information may become available to help answer this question. In addition, the cumulative 
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effect of multiple cerebral vascular lesions, such as those that can occur during cardiac 

surgery, is still not entirely understood.

Seizure

Fewer than 0.5% of patients undergoing surgery with cardiopulmonary bypass develop 

postoperative seizures.3,9 In our single institutional experience, seizures are more common 

among patients who have undergone aortic surgery involving the innominate and left carotid 

arteries, as compared with other types of cardiac surgery. The latter procedures often require 

deep hypothermic circulatory arrest or periods of low cardiopulmonary bypass flow. In the 

assessment of a patient with postoperative seizures, attention must be paid to typical agents 

that lower seizure threshold, including some analgesic and anesthetic medications as well as 

antiarrhythmic agents such as lidocaine. In addition, withdrawal either from alcohol or from 

medications such as benzodiazepines can contribute to postoperative seizures, as can 

metabolic derangements or infection. Perioperative injury can also occur that leads to 

seizures, including hypoxic-ischemic injury or embolic damage.

Peripheral Nerve injury

Neurological consultation may be requested for patients in the cardiac surgical intensive care 

unit (ICU) who are noted to have a focal motor or sensory weakness in a peripheral nerve 

distribution. Lederman et al described new peripheral nerve injuries (most commonly 

brachial plexopathies) in 13% of 421 patients undergoing CABG.79 It was felt that most of 

these injuries were due to chest wall retraction used during harvesting of the left internal 

mammary artery. In addition, the saphenous nerve can be injured by saphenous vein 

harvesting, which leads to numbness and discomfort in the distribution of this superficial 

sensory nerve.59

MECHANISMS OF CEREBRAL INJURY

Micro- and Macroembolization

There are many sources of micro- and macroembolism during cardiac surgery, including 

atherosclerotic debris, particulate matter such as fat or surgical debris, and air. Early clinical 

studies suggested a relationship between microembolic signals detected with transcranial 

Doppler monitoring of the middle cerebral arteries and neurocognitive dysfunction. 

Nonetheless, the evidence now suggests that it is the quality and not the quantity of 

embolism that is important for brain injury. Recent attention has focused on small lipid 

emboli found on histological examination at autopsy from patients after cardiac surgery. 

These lipid staining emboli are commonly referred to as small capillary arteriolar dilations 

or SCADs. These can be found in virtually all patients dying after cardiac surgery, with the 

quantity declining the longer death occurred after surgery. SCADs can be reproduced in 

canine models of cardiopulmonary bypass. Based on such animals studies, the source of 

SCADs is believed to be primarily lipid emboli originating from the pericardial aspirate 

returned to the cardiopulmonary bypass circuit unfiltered.80,81 These SCADs are likely to 

have some clinical significance,81,82 but are unlikely to account for all postsurgical 

neurological complications. In many institutions, cardiotomy suction blood is first processed 

with a cell saver device before it is returned to the bypass circuit, thus removing a large 
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quantity of fat globules. There is some indirect evidence supporting this practice,83 but it is 

not clearly associated with improvement in outcomes.

Larger emboli can also come from the heart, either during or after surgery, from the aortic 

atheroma, or from large vessels in the neck or head. The extent of aortic atherosclerosis has 

been associated with postoperative stroke and early cognitive dysfunction after surgery.84 

The use of epi-aortic ultrasound allows for improved visualization of aortic plaque and 

allows surgeons to either change placement of an aortic clamp or use a no-touch technique, 

to avoid disrupting an aortic plaque and causing cerebral embolization. The use of epi-aortic 

ultrasound has been associated with reduced postoperative stroke in observational 

series,22,85 and is the standard of care for intraoperative management in many centers. 

Another major source of macroemboli is atrial fibrillation; over 30% of individuals 

undergoing CABG develop this arrhythmia postoperatively, which can lead to mural 

thrombus formation.86 Endocarditis must also be considered in patients who have undergone 

valve replacement and have symptoms suggestive of stroke or encephalopathy. This 

condition can lead to mycotic aneurysms, septic emboli, or to meningoencephalitis.

Hypoperfusion

Dramatic fluctuations in blood pressure during surgery can increase an individual’s 

likelihood of postoperative neurological injury. Tufo and colleagues found that a drop in 

systolic blood pressure to 50 mm Hg or below for at least 10 minutes increased the risk of 

postcardiac surgery neurological complications fourfold.87 However, it is less clear whether 

more modest changes in blood pressure put most individuals at risk. In general, the brain can 

tolerate cerebral perfusion pressures (equal to mean arterial pressure [MAP] minus the 

intracranial pressure [ICP]) above 50 mm Hg.23,24 However, this may not apply in 

individuals with significant intracranial or extracranial stenosis or with preoperative chronic 

hypertension, as this may lead to a shift in their autoregulatory curve to the right. We have 

reported that a decrease in MAP from a patient’s baseline may increase odds of 

postoperative watershed strokes, as compared with other stroke types.48 Pulse pressure, as a 

marker of vascular stiffness, has also been identified as a predictor of stroke after cardiac 

surgery, as has decreasing ejection fraction,88 which may be another indicator of 

hypoperfusion to the brain.

Caplan and Hennerici have hypothesized that embolization and hypoperfusion work 

synergistically to cause neurological injury. He has proposed that hypoperfusion causes 

decreased washout of emboli, leading to injury in the watershed regions of the brain.89 

There is no clear evidence supporting this hypothesis, although in the previously described 

randomized study of high versus low MAP, 66.7% of patients with grade V atheroma of the 

aorta who were in the low MAP group had stroke, compared with 20% of patients with an 

equivalent amount of atheroma in the high MAP group.90 These findings, although 

nonsignificant in this study, lend support to the possibility that both hypoperfusion and 

embolization are required to cause postoperative neurological injury.
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CHANGES IN CARDIAC SURGERY TECHNIQUES

Several techniques or treatments have been developed in recent years in an attempt to 

improve neurological and other outcomes following cardiac surgery. As stated previously, 

these have not led to population-wide decreases in procedure-associated mortality and 

morbidity, most likely because the population undergoing surgery is older, sicker, and has 

more comorbidities.

Most of the technologies developed for cardiac surgery patients have been aimed at 

decreasing the extent of embolization to the brain. The use of epi-aortic ultrasound, as 

described above, is one technology that may allow for changes in operative management that 

could reduce cerebral embolization. Various arterial filters have been tested in an attempt to 

reduce distal embolization, with promising results, but unclear direct evidence for reduction 

in stroke and other neurological complications.91–93

Other evidence for changes in surgical technique includes a neuroprotective benefit using 

mild hypothermia, 94 or even use of higher MAPs to avoid hypoperfusion. The role of 

hypothermia has been controversial, with a Cochrane review failing to find definitive support 

for the routine use of hypothermia during CABG.95 This is likely to be because most 

patients who are exposed to hypothermic conditions are subsequently rewarmed to such a 

degree that they actually experience cerebral hyperthermia.96 Nathan and colleagues cooled 

patients to 32°C, with randomization to rewarming up to 37 degrees (standard) or 34 

degrees, and found that patients maintained at lower temperatures had less cognitive decline 

postoperatively,97 with similar results when patients were followed for 5 years.98

Gold and colleagues published one clinical trial in which patients were randomized to 

“high” MAP (80 to 100 mm Hg) versus lower MAP (50 to 60 mm Hg) during 

cardiopulmonary bypass. These investigators found improved combined myocardial and 

neurological outcomes for the high versus the low MAP group.99 There was a trend for a 

reduced rate of stroke in the high compared with the low MAP group, but the study did not 

have sufficient power to adequately address this question. The optimal blood pressure during 

cardiopulmonary bypass in patients undergoing cardiac surgery is not known; it may be 

important to incorporate a patient’s baseline blood pressure in decisions about intraoperative 

management,48 but the exact relationship between blood pressure during surgery and 

postoperative neurological complications is still unclear. Additionally, although there is an 

association between anemia during surgery and poor outcomes,51,54 there is no evidence 

supporting routine transfusion of patients having cardiac surgery.100

Aprotinin had been used for over a decade as an antifibrinolytic therapy to reduce 

perioperative blood loss among patients undergoing CABG surgery. However, Mangano and 

colleagues found that in 4374 patients undergoing surgical revascularization, aprotinin was 

associated with a markedly increased risk of postoperative stroke or encephalopathy, in 

addition to increased risk of other end-organ damage.101 Aprotinin (marketed as Trasylol®, 

Bayer Pharmaceuticals, West Haven, CT) has since been removed from the market. Two 

recently published cohorts confirmed an association between aprotinin use and increased 

short-term and long-term mortality.102,103 Currently, there does not appear to be a link 
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between other antifibrinolytic drugs (i.e., epsilon aminocaproic acid and tranexamic acid) 

and perioperative stroke. These drugs have been less intensely studied than aprotinin and 

much of the data comes from retrospective analyses, low-powered prospective trials, and 

meta-analyses.

Off-pump Surgery

Performing CABG surgery without the use of the cardiopulmonary bypass, or “off-pump” 

surgery, has been hypothesized to decrease the risk for brain injury by reducing cerebral 

embolization and the inflammatory response to this procedure. During off-pump CABG 

surgery, however, the patient is exposed to marked systemic hypotension and raised central 

venous pressure; thus, reduced cerebral perfusion pressure due to displacement of the heart 

for surgical exposure. In one study of 550 patients undergoing off-pump CABG surgery, 

~15% had reductions in cerebral oxygenation, measured using cerebral oximetry and 

EEG.104

Observational studies have suggested that postoperative stroke and other neurological injury 

rates are modestly lower in individuals undergoing off-pump CABG surgery.105,106 

Randomized trials, however, have failed to show a benefit in stroke reduction or in long-term 

cognitive dysfunction, even up to 5 years after surgery. The Octopus study group published 

their results of 281 low-risk CABG patients who were randomized to off-pump versus on-

pump surgery, and found similar cognitive performance, even with relatively conservative 

definitions of cognitive decline, in both groups.107 A meta-analysis of 37 randomized trials 

found nonsignificant reductions in stroke (OR 0.68, 95% CI 0.33 to 1.40) with the use of 

off-pump CABG, with equivalent 30-day mortality compared with the conventional CABG 

group (OR 1.02 for off-pump CABG, 95% CI 0.58 to 1.80).108 Nonetheless, these trials to 

date have not included an adequate number of patients at high risk for neurological 

complications. Whether such patients, including those with advanced atherosclerosis of the 

ascending aorta, might benefit the most from off-pump surgery has not been adequately 

studied.

CONCLUSIONS

Neurological injury after cardiac surgery is not infrequent, despite recent advances in 

surgical technique. MRI techniques, particularly using diffusion-weighted imaging, should 

be used when possible in patients with neurological symptoms as patients may have multiple 

acute infarcts and, therefore, may not present with typical unilateral hemispheric symptoms. 

A consultation on a patient with encephalopathy or stroke in the cardiac surgical intensive 

care unit (ICU) should focus on any information about the extent of atheromatous disease 

(such as that detected by epi-aortic ultrasound), any noted postoperative atrial fibrillation, 

any major drops in blood pressure leading to sustained hypotension, and any use of sedating 

or psychoactive medications in the early postoperative period. Postsurgical management 

should include avoidance of further hypotension as well as avoidance of hyperglycemia and 

hyperthermia. In addition, in patients with neurological injury, early intervention with 

physical, occupational, and speech and swallowing therapists is critical for optimal recovery.
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Figure 1. 
Diagram of the circuit used for selective antegrade cerebral perfusion. (Adapted from 

Harrington et al.109)

Gottesman et al. Page 19

Semin Neurol. Author manuscript; available in PMC 2017 September 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Probability of postoperative stroke. To determine a patient’s risk of developing a stroke, ask 

the following questions and then proceed to the correct part of the flowchart: Has the patient 

had a previous stroke, yes or no; does the patient have a diagnosis of hypertension (HTN), 

yes or no. Next, determine the patient’s age and proceed to the correct row of age groupings 

to see the probability for that patient. (Adapted from McKhann et al.34)
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Figure 3. 
Diffusion-weighted magnetic resonance imaging scan demonstrating bilateral watershed 

infarcts.
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Table 1

Commonly Identified Preoperative Risk Factors for Postcardiac Surgery Stroke

Preoperative Risk Factors

Hypertension

Diabetes

Prior stroke

Increasing age

Female gender

Symptomatic carotid stenosis

Aortic atheromatous disease

Peripheral vascular disease
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