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Abstract Despite improvements in surgical techniques and
the implementation of effective brain protection strategies, the
incidence of brain injury after cardiac surgery has remained
relatively constant over the years as patients have become
older and sicker. Cognitive dysfunction is the most common
clinical manifestation of brain injury after cardiac surgery. Its
occurrence is related to a combination of three factors that are
often associated with cardiopulmonary bypass (CPB): embo-
lism, hypoperfusion, and the inflammatory response. Howev-
er, such factors and their potential cerebral consequences are
not exclusive to CPB. Postoperative cognitive dysfunction
also afflicts patients who undergo cardiac surgery without
CPB as well as nonsurgery patients who undergo transcatheter
interventions. There is growing evidence that patient-related
factors such as the presence of (cerebro)vascular risk factors
play an important role in both early and late postoperative
cognitive dysfunction.
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Brain injury after cardiac surgery still occurs despite improve-
ments in surgical techniques over the years and the implemen-
tation of effective neuroprotective strategies. Yet, today’s
patients undergoing cardiac surgery have become older and
present with more comorbidity. Current stroke and encepha-
lopathy rates are approximately 2 % to 5 % and 10 % to 30 %,
respectively [1]. A far more common form of brain injury is
cognitive dysfunction, with clinical manifestations such as
deterioration in memory, attention, (psycho)motor speed, and
visuospatial ability. The incidence of cognitive dysfunction

varies considerably but may be as high as 50 % to 70 % at
1 week after surgery, declining to 30% to 50% after 2 months
[2]. Many of the cognitive changes appear to be transient.
Nevertheless, cognitive dysfunction at 5 years after surgery
has been noted in 40 % of the patients [3].

Assessment of cognitive dysfunction

Cognitive dysfunction can be detected by neuropsychological
testing. Important heterogeneity in the assessment, however,
may exist due to differences in the selection of neuropsycho-
logical tests, the timing of postoperative measurements, and
the definition of cognitive dysfunction. Several attempts to
standardise the assessment, starting with the Statement of
Consensus in 1995 [4], have only provided a platform from
which a comprehensive assessment can be developed. In
general, the use of a battery of approximately 10 standardised
neuropsychological tests selected to measure varying domains
of cognitive functioning, including verbal and non-verbal
memory, attention, higher-order executive ability, and visuo-
spatial ability, is recommended. The tests should be selected
on the basis of their psychometric properties (i.e., reliability
and validity) and should be sensitive to small changes in
cognitive functioning. Typically, patients perform the tests
before surgery to obtain a baseline measure, and one or more
times after surgery.

It has long been the gold standard to define postop-
erative cognitive dysfunction in an individual by a
worsening in cognitive performance on at least two
neuropsychological tests in the battery, with test perfor-
mance being defined as significantly deteriorated if a
patient’s pre-to post-operative test score decrement is at
least one standard deviation (SD), the SD being deter-
mined on the distribution of the preoperative scores in
the patient sample. Another commonly used definition is
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a 20 % decrement in test score from baseline on at least
20 % of the tests. However, such definitions of cogni-
tive dysfunction can be criticised for three reasons: (1)
they do not deal with chance fluctuations in test scores
due to measurement error (i.e., imperfect reliability of
test scores), (2) they do not address practice effects that
often arise from repeated neuropsychological testing,
and (3) they do not take into account the multifocal
nature of the dysfunction and the varying extent to
which specific cognitive domains may be affected. More
recently, alternative statistical indices of cognitive dete-
rioration have been put forward to overcome these
problems [5, 6].

Pathophysiology

Neuroimaging and electrophysiological studies in the first
week after cardiac surgery have demonstrated global brain
swelling, global or regional decrease of brain metabolism,
cerebral blood flow changes, increased fast (beta) activity in
the electroencephalogram, and slowing and weakening of
brain-evoked potentials [7]. New brain lesions at diffusion-
weighted magnetic resonance imaging were detected in
25 % to 50 % of cardiac surgery patients [8]. These brain
alterations are thought to be primarily caused by global or
focal ischaemia induced by transient restriction of cerebral
blood flow. Especially vulnerable to ischaemia are the areas

Table 1 Pathophysiological mechanisms of cognitive dysfunction in cardiac surgery and neuroprotective strategies

Mechanism Source Risk factor Neuroprotective intervention

Embolism CPB equipment Oxygenator Use of membrane oxygenator

Filter Use of arterial line filter/dynamic bubble trap

Venous reservoir Avoidance of venous air entrainment

Cardiotomy suction Avoidance/reduction of cardiotomy suction

Iatrogenic factors Cannulation Careful (de)cannulation of the aorta

Clamping of the aorta Careful/minimal aortic and cardiac manipulation

Cardiac manipulation Insufflation with carbon dioxide

Drug administration Use of continuous infusions

Blood sampling Minimal blood sampling

Patient-related factors Aortic atherosclerosis Use of epiaortic ultrasound imaging

Atrial fibrillation Use of transoesophageal echocardiography
Recent myocardial infarction

Hypoperfusion CPB equipment Prime volume (haemodilution) Use of mini CPB circuit

Pump and pulsatility Pulsatile perfusion1

Iatrogenic factors Temperature Moderate hypothermia (32–34 °C)

Pump flow rate Avoidance of rapid/excessive rewarming

Mean blood pressure Avoidance of systemic hypoperfusion

Acid–base management Avoidance of prolonged arterial hypotension

Oxygen management Use of alpha-stat regimen

Glycaemic control Avoidance of hypercapnia and hypocapnia

Anaesthetic agents Avoidance/treatment of hyperglycaemia

Patient-related factors Carotid artery stenosis Use of carotid Duplex scanning
Hypertension

Diabetes mellitus

Inflammation CPB equipment Tubes and coating Use of heparin-bonded circuit

Prime volume Use of mini CPB circuit/avoidance of CPB

Oxygenator Use of membrane oxygenator

Pump Use of centrifugal pump1

Iatrogenic factors Temperature Moderate hypothermia (32–34 °C)

Surgical trauma Use of corticosteroids1

Use of modified ultrafiltration

Patient-related factors Blood loss and transfusion need Use of leukocyte depletion

1 controversial

CPB Cardiopulmonary bypass
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between the great vascular territories in both the cerebrum
and cerebellum, the so-called watershed areas. For instance,
pyramidal cells within area CA1 of the hippocampus are
injured very rapidly and belong to the earliest sites of
neuronal injury during global ischaemia [9]. Given the role
of the hippocampus in memory, this might explain why of
all cognitive problems, anterograde memory deficits are
most frequently reported after cardiac surgery.

From the beginning, studies examining the pathophysio-
logical mechanisms of cerebral ischaemia in cardiac surgery
have focused on the cardiopulmonary bypass (CPB) proce-
dure. There is considerable evidence that early postoperative
cognitive dysfunction is related to a combination of three
factors often associated with CPB: (micro)embolism, hypo-
perfusion, and the systemic inflammatory response (Table 1).
Intraoperative formation of gaseous emboli and aggregated
platelets, atherosclerotic debris, hypoperfusion, hypotension,
hyperthermia, hyperglycaemia, surgical trauma, blood loss,
and transfusion all enhance the risk of cognitive dysfunction.
The majority of these causative factors, however, may occur
independently of CPB for different reasons. This has been
highlighted by recent randomised studies which found no
significant difference in postoperative cognitive dysfunction
in patients undergoing conventional coronary artery bypass
grafting (CABG) with CPB and those undergoing CABG
without CPB [10].

Patient-related factors

Factors negatively related to the condition of blood vessels,
including those of the brain, such as advanced age, preexist-
ing (cerebro)vascular disease, and the presence of (cerebro)
vascular risk factors, play an important role in the patho-
genesis of cognitive dysfunction after cardiac surgery. In
fact, preoperative small ischaemic lesions and cognitive
impairment have been reported in a considerable proportion
of candidates for cardiac surgery and have been shown to be
predictors of both early and late postoperative cognitive
dysfunction [11, 12]. It has been suggested that the apoli-
poprotein E (APOE) ε4 allele, a genetic risk factor for both
atherosclerosis and Alzheimer’s disease, plays an explana-
tory role. A positive association between the presence of this
APOE allele and cognitive dysfunction after CABG found
by Tardiff and colleagues [13], however, could not be con-
firmed by others [14, 15].

Valve surgery has been associated with higher rates of
cognitive decline when compared with CABG [16, 17],
presumably due to the increased number of microemboli
that occur during an open chamber procedure [18]. Howev-
er, valve surgery patients also show a slower and less
complete cognitive recovery after the operation. This might
be related to the fact that cerebral microembolism remains

present in patients with mechanical valve prostheses, even
years after the implantation. In vitro studies on mechanical
heart valves have demonstrated that high-pressure gradients
may cause cavitation, in particular at valve closure, leading
to the formation of gas bubbles and eventually stable bub-
bles [19]. It is tempting to speculate that chronic cerebral
microembolism could be at least partly responsible for the
late cognitive dysfunction in mechanical valve recipients. At
Leiden University Medical Center, we are now examining
patients at 8 years after their valve replacement to study this
phenomenon.

Prevention

Consequent to the understanding of the mechanisms of
postoperative cognitive dysfunction, several preventive
strategies have been established (Table 1). Marked improve-
ment has been achieved by the universal application of
membrane oxygenators, arterial line filters, alpha-stat acid–
base management, new warming techniques, and cell sav-
age. There is currently insufficient evidence from clinical
trials that pharmacological neuroprotection is effective [20].

Conclusion

With candidates for cardiac surgery becoming older and less
healthy, individualisation of the surgical approach might be
the only option to reduce the risk of postoperative cognitive
dysfunction in these high-risk patients. In patients with
severe atherosclerosis, for instance, preoperative carotid
artery screening and/or intraoperative epiaortic scanning
should be considered. To achieve reduction in late cognitive
decline, control of modifiable patient-related risk factors,
such as hypertension and diabetes, will become more
important.
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