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Abstract Cerebral dysfunction after cardiac surgery

remains a devastating complication and is growing in

importance with our aging populations. Neurological

complications following cardiac surgery can be classified

broadly as stroke, encephalopathy (including delirium), or

postoperative cognitive dysfunction (POCD). These etiol-

ogies are caused primary by cerebral emboli, hypoperfu-

sion, or inflammation that has largely been attributed to the

use of cardiopulmonary bypass. Preventative operative

strategies, such as off-pump coronary artery bypass graft-

ing (CABG), can potentially reduce the incidence of

postoperative neurological complications by avoiding

manipulation of the ascending aorta. Although off-pump

CABG is associated with reduced risk of stroke, there are

no convincing differences in POCD between off-pump and

on-pump CABG. Recently, the focus of postoperative

neurological research has shifted from managing cardio-

pulmonary bypass to patient-related factors. Identifying

changes in brains of aged individuals undergoing cardiac

surgery may improve strategies for preventing cerebral

dysfunction. Advanced age is associated with more undi-

agnosed cerebrovascular disease and is a major risk factor

for stroke and POCD following cardiac surgery. Preoper-

ative cerebrovascular evaluation and adaptation of surgical

strategies will provide preventative approaches for cerebral

dysfunction after CABG. This review focuses on recent

findings of the relationship between perioperative stress

and underlying fragility of the brain in cardiac surgical

patients.
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Introduction

Cerebral dysfunction after cardiac surgery has been consis-

tently associated with poor outcomes and is growing in

importance in the aging populations. The incidence of

postoperative cerebral dysfunction increases with age and is

associated with greater mortality and morbidity and longer

hospital stays [1–3]. Cerebral dysfunctions following car-

diac surgery appear as stroke, encephalopathy (including

delirium), or postoperative cognitive dysfunction (POCD,

postoperative deterioration in memory, attention, and speed

of information processing, corroborated by neuropsycho-

logical testing). The mechanisms of cardiac surgery-related

neurological complication are believed to arise primarily

from cerebral emboli, hypoperfusion, or inflammation rela-

ted to the use of cardiopulmonary bypass (CPB) [4]. Coro-

nary artery bypass grafting (CABG) performed without CPB

(‘‘off-pump’’) could reduce the incidence of postoperative

neurological complications by avoiding manipulation of the

ascending aorta. Off-pump CABG has been associated with

reduced risk of stroke, whereas there were no confirmed

differences in POCD between off-pump and on-pump

CABG [5, 6]. In addition, the long-term cognitive dysfunc-

tion at 6 years of follow-up after CABG was attributed to the

progression of underlying cerebrovascular disease or chan-

ges related to age rather than to a history of cardiac surgery

[7]. Recently, the focus of POCD research is shifting to the
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patient and away from factors related to surgery, such as CPB

management [8, 9].

There is growing interest in the association between

perioperative stress and the underlying fragility of the brain

in cardiac surgical patients [10]. By better understanding of

pathophysiological changes of the brain that may be

induced by cardiac surgery, perioperative strategies may

protect against cerebral dysfunction and attendant ischemic

cascade in the brain after cardiac surgery. This review

describes recent findings on the association of stroke and

cognitive dysfunction with CABG in aged brains.

Aged brain

Aging is associated with a general decline in brain volume

and function [11–13]. Studies in aged rats have revealed a

marked increase in expression of proinflammatory cyto-

kines [14]. Inflammation is known to predispose toward

more deleterious responses to injury [15, 16]. The aged

brain can exhibit enhanced central response to operative

stress leading to elevated cytokines levels and to induced

cognitive decline with age [17, 18]. Recent studies have

shown that activated microglia have a beneficial role of

phagocyte cells in inflammation in the nervous system [19].

In contrast, oxidative stress may cause degeneration of

microglia and other degenerative diseases in the aging

brain [14]. Hypoperfusion with chronic hypoxia opens the

blood–brain barrier, which contributes to the cognitive

decline seen with lacunar infarctions and white matter

injury in subcortical ischemic vascular disease [20]. In

addition, neuroinflammation may aggravate existing cere-

bral ischemia and disturb the blood–brain barrier [21].

Several studies have demonstrated that undiagnosed

ischemic cerebrovascular disease is common and is asso-

ciated with impaired cognition in elderly patients [22, 23].

Inhalational anesthetics appear to be neurotoxic to the

aged brain [24]. Studies in model animals suggest that

general anesthetics induce neural degeneration and apop-

tosis, which then lead to memory decline such as in Alz-

heimer’s disease [25, 26]. However, there is no proven

association between exposure to general anesthetics and

risk of Alzheimer’s disease in retrospective and systematic

review studies [27, 28].

Stroke

Stroke following cardiac surgery is a devastating and dis-

abling complication that occurs in 1.4 % to 3.8 % of patients

who undergo CABG and 8.7 % of patients after aortic repair

[29]. Advanced age, particularly older than 70 years, is a

primary factor associated with stroke, encephalopathy

(including delirium), and cognitive dysfunction after CABG

[1]. Age alone does not appear to predict the risk of post-

operative stroke; rather, it is a marker of reduced brain

reserve and underlying disease. A recent study found that the

factors predicting risk of stroke within 30 days after CABG

were age, prior stroke, diabetes, hypertension, peripheral

vascular disease, and renal failure [30].

Tarakji and colleagues [31] studied timing of strokes

after CABG and found that more than half of strokes

occurred postoperatively, rather than intraoperatively. A

multicenter study in Japan also demonstrated that more

than half of strokes occurred postoperatively [32]. Intra-

operative stroke is caused primarily by cerebral emboli,

thrombosis, or hypoperfusion, whereas postoperative

strokes may be more associated with hypercoagulation and/

or atrial fibrillation [32, 33]. Risk factors for intraoperative

and postoperative stroke with CABG are older age, pre-

operative stroke, preoperative atrial fibrillation, on-pump

CABG, and hypothermic circulatory arrest. Although

hypothermic circulatory arrest reduces the risk of stroke

when a heavily diseased ascending aorta is replaced,

octogenarians still have higher risk [34]. Currently, patients

with severe atherosclerosis of the ascending aorta are

managed with off-pump CABG or non-touch methods.

Embolism

Atherosclerosis of the ascending aorta is an important risk

factor for cerebral embolism and stroke after CABG [35,

36]. Previous studies have revealed that clamp- or cannu-

lation-induced new lesions of the ascending aorta could be

attributed to intraoperative stroke [37, 38]. Non-touch

methods applied to the diseased ascending aorta and off-

pump bypass without side clamping help to eliminate one

cause of cerebral dysfunction after CABG [5, 39].

A recent meta-analysis found that the incidence of

postoperative stroke was significantly 30 % lower for off-

pump CABG (1.4 %) compared to stroke after on-pump

CABG (2.1 %) [40]. In addition, off-pump CABG carried a

significantly lower risk of early postoperative stroke than

on-pump CABG (0.1 % versus 1.1 %), whereas the inci-

dence of postoperative delayed strokes did not differ sig-

nificantly between the two groups [32]. A reported

multicenter trial also demonstrated that surgery performed

off-pump was associated with a significantly lower post-

operative rate of stroke compared to on-pump CABG,

including for older and higher-risk patients [41]. However,

in this same study, intraoperative conversion from off-

pump to on-pump increased the incidence of postoperative

stroke. These data suggest that intraoperative surgical

strategies are important in neurological outcomes after

CABG in patients at high risk for stroke.
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Hypoperfusion

Embolism and hypoperfusion often coexist during and after

cardiac surgery. Hypoperfusion impairs the washout and

clearance of microemboli that have entered the reduced

cerebral blood flow subsequent to surgery [42]. In addition,

hypoperfusion is a cause of bilateral watershed infarcts

after cardiac surgery [43]. Maintaining higher perfusion

pressure during CPB protects against stroke and attenuates

the ischemic cascades in the brain [44].

Carotid stenosis is a significant risk factor for intraop-

erative stroke [45]. Managing patients during CABG who

have existing carotid stenosis remains controversial [46,

47]. A review of carotid stenting followed by staged CABG

found that the combined incidence of stroke and death

within 30 days remained elevated at different levels: minor

stroke 2.9 %; major stroke 3.2 %; mortality 7.6 %; and

combined death and stroke 12.3 % [48]. However, pro-

phylactic interventions, such as carotid angioplasty with

stenting or carotid endarterectomy, may be appropriate in

CABG patients with a prior history of stroke and transient

ischemic attack (TIA).

POCD

Postoperative cognitive dysfunction is the most common

complication of cardiac surgery. It occurs in 30 % to 80 %

of patients at discharge and 20 % to 40 % after 6 months to

1 year [49, 50]. Several recent studies have found that

POCD is transient, with no association with long-term

cognitive decline [8, 51]. Evered and colleagues [51]

reported that patients who underwent CABG had a sig-

nificantly higher incidence of POCD (43 %) than patients

who had a total hip joint replacement under general anes-

thetic (17 %) at 1 week. However, there was no statisti-

cally significant difference in POCD between the two types

after 3 months.

Preoperative risks for POCD include age, genetic pre-

disposition, and level of education [52]. The mechanisms

for POCD are multifactorial and a complex of cerebral

microemboli, hypoperfusion, or inflammation associated

with CPB. POCD also has associations with surgical

maneuvers such as manipulation of the atherosclerotic

ascending aorta, prolonged CPB time, and cerebral

hyperthermia [36, 53, 54]. A more recent study that applied

multivariate analysis found that aortic atherosclerosis was

associated with POCD at 1 week and was selected as a

strong predictor for early POCD [55].

Postoperative cognitive dysfunction occurs frequently in

the elderly after cardiac surgery. However, predictors of

cognitive recovery from cognitive decline after cardiac

surgery have not been examined thoroughly. Fontes and

colleagues [56] reported that 45 % of patients who expe-

rienced cognitive decline 6 weeks after CABG and/or

valve surgery returned to baseline cognitive function by

1 year. In their study, ability to perform more activities of

daily living at 6 weeks was a significant predictor of cog-

nitive recovery. In addition, aerobic exercise helps to pre-

vent or even reverse cognitive decline and brain decay in

the elderly [57]. These findings suggest that stimulation of

the brain after cardiac surgery reduces the impact of cog-

nitive decline and improves atherosclerosis, such as by

controlling modifiable risk factors of hypertension, diabe-

tes mellitus, and hyperlipidemia.

Microemboli

Microemboli are found in autopsies of patients who died

after cardiac surgery or aortography [58]. The particles

probably consist of lipid, atheromatous debris, and plate-

let–fibrin thrombi. These emboli generally pass through the

brain in a few hours to a few days, while some remain

impacted for weeks or longer [59]. Microvasculature

occluded by these emboli may be a major cause of

encephalopathy or POCD. Universal use of a cell saver

does reduce the incidence of POCD after cardiac surgery

[60]. Cerebral emboli can be detected as a high-intensity

transient signal (HITS) by transcranial Doppler. However,

no association has been found between the counts by HITS

during CPB and POCD at 1 week and 3 months [61, 62]. A

patient’s tolerance of cerebral microemboli may depend on

the degree of underlying cerebrovascular reserve and

disease.

Diffusion-weighted magnetic resonance (MR) images

(DWI-MRI) are useful to detect acute cerebral ischemic

regions related to microemboli [63]. Previous studies have

shown that postoperative DW-MRI finds new ischemic

lesions in about 50 % of patients undergoing cardiac sur-

gery, and that there is a correlation between new lesions

and cognitive decline [64, 65]. In contrast, no such corre-

lation was found with cardiac surgery in another study [66].

A review also compiled evidence that the association of

silent new cerebral injury and cognitive decline was not

convincing [67]. However, patients with existing cerebral

injury may be more vulnerable to adverse effects during

CABG. A previous study demonstrated that abnormalities

before surgery were found by DWI-MRI in 4.4 % of

elective cardiac surgery patients [68]. Preoperative DWI

abnormalities are associated with preoperative cognitive

impairment [69]. Neuropsychological assessment during

the preoperative period is important to identify patients at

risk for cerebral ischemia.
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Inflammation

Systemic inflammation worsens cognitive status and

accelerates progression of disease [70]. Nonsteroidal anti-

inflammatory drugs are associated with protective effects

on volume loss in the brain related to age and brain dif-

ferences, including decreased number of activated

microglia [71]. Antiinflammatory therapy with parecoxib

was shown in a recent study to mitigate impaired spatial

memory induced in aged rats by sevoflurane anesthesia

[72]. Hudetz and colleagues [73] have reported that ele-

vated concentration of interleukin-6 and C-reactive protein

after surgery was associated with short- and medium-term

cognitive dysfunction after CABG. However, these studies

do not demonstrate that antiinflammatory therapy is ready

for immediate clinical translation [74]. Further study is

needed on the relationships between neuroinflammation,

oxidative stress, and POCD in elderly patients undergoing

cardiac surgery.

Neuroprotection and perioperative strategies

Although pharmacological neuroprotection has been

applied in cardiac surgery, no agents have proven suffi-

ciently effective in clinical application [75]. Perioperative

evaluation can identify patients at higher risk for stroke and

POCD [76]. Perioperative strategies for preventing cerebral

ischemia during cardiac surgery are compiled in Table 1.

Most patients with multiple small infarctions are

asymptomatic without a history of cerebrovascular acci-

dents and have a history of association with preoperative

cognitive impairment [77]. Therefore, several investigators

recommend routine preoperative cognitive evaluation to

detect underlying cerebral ischemia in elderly patients [78–

80]. Cervical ultrasonography is common before cardiac

surgery [81]. Currently, cerebral magnetic resonance

angiography (MRA) gives the most definitive information

about vascular anatomy, including the state of collateral

circulation through the circle of Willis.

Intraoperative strategies and neurological monitor

Neurological monitoring is important to detect cerebral

ischemia during CPB or off-pump CABG. Murkin and

colleagues [82] reported that prolonged cerebral hypoper-

fusion (detected by regional cerebral oxygen saturation)

was associated with increased morbidity but had no rela-

tionship with cerebral injury. Therefore, controversy con-

tinues to surround the reliability of each technique or

combination to predict cerebral ischemia during cardiac

surgery [83]. Operative strategies that prevent emboli and

maintain higher perfusion pressure during CPB improve

neurological outcomes for patients with atherosclerosis of

the aorta [84]. In addition, CPB management with slow

rewarming to prevent hyperthermia, avoiding hyperglyce-

mia, and using alpha-stat pH management protects against

cerebral ischemia [54, 85, 86].

Postoperative management

Patients should be monitored closely after surgery for early

signs of neurological dysfunction. The treatment for cere-

bral infarction caused by emboli is immediate pharmaco-

logical therapy by a free radical scavenger. The scavenger

Table 1 Neuroprotective strategies used in coronary artery bypass surgery

Timing Issue Intervention

Before surgery Establish risk factors Neuropsychological testing to identify preoperative cognitive impairment [77, 78]

Carotid ultrasonography to identify carotid artery stenosis [81]

MRI and MRA to identify preexisting cerebrovascular disease [22]

During surgery Aortic atheroma Epiaortic/TEE ultrasound to identify ascending and arch aortic disease [35, 37],

Modify surgical procedures: avoid repeated aortic clamping, choose non-touch aortic

techniques for high-grade atheroma, choose the site and risk of cannulation [39]

Hypoperfusion Higher perfusion pressure during cardiopulmonary bypass [44]

Alpha-stat pH management [86]

Brain hyperthermia Avoid rapid/excessive rewarming [54]

Hyperglycemia Avoid or treat hyperglycemia [85]

Microemboli Minimize cardiotomy suction and dissection of mediastinal fat [60]

After surgery Diagnosis and identification

of ischemic brain lesions

Perform CT or diffusion-weighted MRI

MRI magnetic resonance imaging, MRA magnetic resonance angiography, TEE transesophageal echocardiography, CT computed tomography
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edaravone has been found to useful for acute ischemic

stroke [87].

Preoperative antiplatelet therapy decreases the incidence

of postoperative major cardiovascular complications in

high-risk patients [88]. Recently, Bouchard and colleagues

[89] reported, from a 10-year case–control study, that

administering statin and beta-blockers preoperatively

decreased the risk of stroke after CABG. These data sug-

gest that the combination of beta-blockers and statin has

adrenergic antagonist effects, effects of antiinflammation,

antioxidants, and inhibition of apoptosis. Dexmedetomi-

dine given during and after surgery was found to signifi-

cantly reduce postoperative mortality and major adverse

cardiocerebral events in patients undergoing CABG and/or

valvular surgery [90]. Further studies are needed to assess

whether the perioperative use of dexmedetomidine actually

decreases the incidence of cerebral dysfunction after car-

diac surgery in the elderly.

Conclusions

Cerebral dysfunction after CABG is linked to multiple risk

factors and complex interactions of emboli, hypoperfusion,

inflammation, and underlying cerebrovascular disease.

Operative strategies such as the non-touch method of

ascending aorta and off-pump CABG improve outcomes in

patients at higher risk for stroke by minimizing aortic

manipulation and limiting some deleterious effects of CPB.

The association between perioperative stress and POCD

must be addressed aggressively as more elderly patients

undergo cardiac surgery and suffer cognitive impairment.

Preoperative cerebrovascular evaluation and adaptation of

surgical strategies provide the best available approaches to

limit or prevent cerebral dysfunction after CABG.
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