
Brain Protection in Cardiac Surgery

Kelly Grogan, MD, Joshua Stearns, MD, and Charles W. Hogue, MD
Department of Anesthesiology and Critical Care Medicine, The Johns Hopkins Medical Institutions,
and The Johns Hopkins Hospital, 600 N. Wolfe St, Tower 711, Baltimore, MD 21287

Brain injury is a major source of patient morbidity after cardiac surgery and is associated with
prolonged hospitalization, excessive operative mortality, high hospital costs, and altered
quality of life.[1–4] The frequency and the clinical manifestations depend on multiple factors,
including the completeness and timing of neurological testing (Table 1).[1–4] Sensitive
diffusion-weighted magnetic resonance imaging of the brain, for example, may reveal brain
infarction in 45% of patients after cardiac surgery.[3,5] These ischemic brain infarctions may
or may not be associated with stroke or postoperative neurocognitive dysfunction (clinically
“silent”), but the long-term implications of these lesions on neurological function have not yet
been extensively evaluated. The importance of cardiac surgery on long-term cognition recently
has been challenged by controlled studies in which the cognitive function of patients who have
undergone coronary artery bypass graft (CABG) surgery with cardiopulmonary bypass (CPB)
was compared with that of non-surgical patients who have coronary artery disease and are
undergoing medical management and/or percutaneous coronary artery interventions.[2,3,6]
Although cognitive deterioration was detectable over the 3 years of follow-up, the rate of
cognitive decline was not different between control patients and those who had undergone
CABG surgery. These results suggest that the natural progression of cerebrovascular disease
in patients with coronary artery disease is the main determinant of subsequent cognitive decline
rather than CABG surgery per se. These data further document that in many patients,
neurocognitive changes detected after CABG surgery may be transient, with recovery observed
by 3 to 6 months after surgery. In this article we will review the current views on the
pathophysiologic basis of cerebral injury after cardiac surgery and provide a summary of
measures aimed at reducing its occurrence.

Pathophysiology
Brain injury from cardiac surgery is believed to result from cerebral embolism or hypoperfusion
that is exacerbated by inflammatory processes evoked from CPB and/or ischemia/reperfusion
injury.[3,7] The manifestations are hypothesized to depend on the extent and location of injury
(e.g., motor cortex resulting in clinical stroke versus brain areas involved with cognition
resulting in neurocognitive dysfunction). Brain imaging has shown that nearly one-half of
strokes after cardiac surgery result from macroemboli, which most likely arise from
atherosclerosis of the ascending aorta.[8–12] Microemboli that lead to encephalopathy or
neurocognitive dysfunction may arise from the ascending aorta, particulate matter
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inadvertently introduced into the surgical field, fat globules arising from the epicardial surface,
or air entrained into the CPB circuit.[3]

Cerebral blood flow (CBF) autoregulation is maintained during CPB with α-stat pH
management.[13] Many patients might have impaired CBF-blood pressure autoregulation due
to pre-existing hypertension, cerebral vascular disease, or other causes, and are thus prone to
cerebral hypoperfusion and subsequent ischemic injury.[3] Of importance, the population
susceptible to cerebral hypoperfusion may grow as the number of elderly surgical patients
continues to increase. Aging is associated with structural changes in the arterial tree that result
in increasing vascular stiffness in some individuals.[14,15] Vascular stiffening results in early
return of reflected arterial waves to the central circulation, causing increased systolic and pulse
pressures (Fig. 1, upper panel). Conversely, in a compliant vasculature, reflected pressure
waves return to the central vasculature during diastole, augmenting organ diastolic perfusion
(Fig. 1, lower page panel). Normally, a compliant vascular tree dampens systolic pressure
waves; consequently, with vascular stiffening, the brain is exposed to higher pulse pressure,
which leads to microcirculatory damage that may be manifest as lacunar infarction or white
matter lesions.[16] Our group has reported recently that pulse pressure is an independent
predictor of stroke after cardiac surgery (Figure 2).[17] Aging-associated vascular changes
also may be linked to the rising prevalence of cerebral vascular disease in patients presenting
for cardiac surgery. Studies in which brain imaging was performed before cardiac surgery have
shown that 50% of elderly patients have prior brain infarction, white matter lesions, and/or
lacunar infarcts that are clinically asymptomatic.[3,18,19] Further, in a study that used brain
SPECT imaging, 75% of patients had areas of abnormal cerebral perfusion before CABG
surgery.[20]

The presence of cerebral vascular disease may predispose affected patients to cerebral O2
imbalance during surgery. Indeed, the use of jugular venous bulb monitoring or near infrared
spectroscopy has revealed cerebral O2 desaturation in 27–43% of patients during CPB,
particularly during rewarming, when cerebral metabolic rate increases.[21,22] The high
frequency of watershed type strokes after cardiac surgery further underscores the importance
of cerebral hypoperfusion as a source of brain injury in an aging patient population. In a study
at The Johns Hopkins Hospital, Gottesman et al[23] found that more than two-thirds of strokes
detected with diffusion-weighted MRI after cardiac surgery were watershed strokes. The latter
type of strokes occur in border-zone arterial perfusion territories and are indicative of
hypoperfusion brain injury. Of importance, a decrease from baseline mean arterial pressure
(MAP) of ≥10 mmHg during CPB was associated with a three-fold higher risk for watershed
stroke.

The understanding of individual susceptibility to brain injury has been advanced by studies
identifying a relationship between genotype and risk for neurological complications after
cardiac surgery. This risk was first suggested by data showing that individuals with the
apolipoprotein E ε4 allele were at higher risk for postoperative neurocognitive dysfunction
than non-carriers.[24] The data linking the latter gene with brain injury has been inconsistent,
however.[24–29] Other candidate polymorphisms include genes that encode coagulation and
inflammatory pathways, such as minor alleles of C-reactive protein (CRP; 3'UTR 1846C/T),
interleukin-6 (IL-6; −174G/C), and platelet glycoprotein IIb/IIIa receptor variants.[30] [31] It
is hoped that further knowledge of genetic risk for perioperative brain injury will provide
insights into the mechanisms and risk stratification for surgery.

Brain protection
The aims of brain protection during cardiac surgery are to reduce the sources of injury (e.g.,
embolism and hypoperfusion) and to increase brain tolerance to ischemic insults. Although the
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intraoperative period surrounding CPB is often the time of greatest focus, brain injury can
occur any time perioperatively. In fact, >20% of clinical strokes occur postoperatively.[4,10]
In general, protective measures for the brain can be grouped as pharmacologic and non-
pharmacologic. A discussion of proposed measures to reduce brain injury will first be discussed
followed by a list of recommended strategies using an evidence-based approach.[3]

Atherosclerosis of the aorta
Atherosclerosis of the ascending aorta is an important risk factor for stroke and neurocognitive
dysfunction.[1,8,10] Epiaortic ultrasound is the most sensitive method for detecting this disease
at the time of surgery and allows physicians to avoid atheroma during surgical aortic
manipulations (e.g., cannulating for CPB, applying an aortic crossclamp).[3,8],[32–35]
Epiaortic guided surgery is reported to reduce cerebral embolic signals detected with
transcranial Doppler and to improve neurological outcomes.[8,36,37] Managing patients with
diffuse atherosclerosis of the ascending aorta is more problematic as it may be difficult, or
impossible, to identify sites free of atheroma for surgical aortic manipulations. Surgical
approaches for this situation might include 1) avoiding CPB by converting to “off-pump”
surgery; 2) cannulating for CPB via the axillary artery or other alternative sites; 3) avoiding
partial occlusion clamps for proximal bypass graft anastomosis by using a “single cross-clamp”
technique; 4) avoiding aorta cross-clamping by using fibrillatory arrest; 5) using all arterial
bypass grafts to avoid proximal anastomosis; and 6) performing circulatory arrest and replacing
the ascending aorta.[3] Recently, a randomized study of 169 high-risk patients found that a
single-cross clamp technique reduced the incidence of cognitive deficits after CABG surgery
compared with a traditional approach of using a partial occlusion clamp for proximal bypass
graft anastomosis.[38] Even if avoided during aortic manipulations, atheroma might be
disrupted or injured during surgery due to the “sandblasting” effects of CPB.[39] Ura et al
[40] performed epiaortic ultrasound before and after CPB in a cohort of 472 patients. In 3.4%
of patients, mobile lesions of the ascending aorta were discovered after surgery in areas where
previously there had been only mild-to-moderate atherosclerosis. The new lesions were usually
at the sites of aortic clamping or cannulation and increased the risk for stroke. Injury to aortic
atheromatous plaques during surgery might predispose a patient to postoperative athero-
thromboembolism, which might explain, in part, the occurrence of delayed stroke following
cardiac surgery.

Pericardial suction aspirate
Lipid-laden emboli resulting in small arteriolar capillary dilations (SCADs) are found in the
brains of patients at autopsy after cardiac surgery.[41] These SCADs can be reproduced in
canines subjected to CPB and appear to arise from fat returned unfiltered to the CPB with
cardiotomy suction aspirate.[42] Experimentally, the usual CPB arterial line filters are
inefficient in preventing SCADs compared with processing of the cardiotomy suction aspirate
with a cell saver.[43] In a human investigation, processing pericardial suction blood with a cell
saver before return to the CPB circuit significantly reduced blood lipid content compared with
controls (filtering only).[44] However, these results were not reproduced in another human
study in which subjecting cardiotomy suction aspirate to a dual filtration method prior to return
to the CPB reservoir was found to be more efficient than cell-saver processing for removing
lipid material.[45] Thus, some lipid material remains in the pericardial aspirate even after blood
processing with a cell saver. Simply discarding pericardial aspirate might be considered when
the volume of discarded blood is low. Processing large quantities of blood with a cell saver
might lead to thrombocytopenia or dilution of coagulation factors leading to bleeding and high
rates of blood transfusion. This possibility is a concern because transfusion of platelets is
associated with risk for stroke in patients undergoing cardiac surgery.[46]
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Recently, Rubens et al[47] reported the results of a trial of patients undergoing CABG surgery
with or without aortic valve replacement. The patients were prospectively randomized into two
groups. The first had shed cardiotomy blood processed in a cell saver prior to its return to the
CPB circuit (n=132). That group was compared to a group that received standard of care, in
which cardiotomy suction aspirate was returned unprocessed to the CPB circuit (n=134).
Although there was no difference in the number of patients receiving transfusions, patients in
the cell-saver group received significantly more red blood cell (RBC) and non-RBC
transfusions than the standard care group (RBC transfusion, 1.24 ± 2.71 units vs 0.81 ± 1.24
units/patient, p = 0.001; non-RBC transfusion, 2.06 ± 7.70 units vs 1.12 ± 4.74 units/patient,
p < 0.001). The frequency of neurocognitive dysfunction at hospital discharge (cell-saver
group, 45.3% vs standard care, 39.0%) and 3 months after surgery (16.7% vs 15.9%) was not
different between the two groups. These results suggest that processing cardiotomy suction
blood during CPB before reinfusion to the CPB circuit does not improve neurocognitive
outcomes after cardiac surgery but is associated with greater blood product transfusion. These
findings are in contrast to a study by Djaiani et al,[48] who found that processing cardiotomy
suction with a continuous cell saver during cardiac surgery resulted in a lower frequency of
postoperative cognitive dysfunction than did returning pericardial aspirate to the CPB reservoir
without processing. The frequency of cognitive dysfunction 6 weeks after surgery was 6% in
the cell-saver group compared with 15% in the controls (p < 0.05). Similar to the finding by
Rubens et al,[47] the cell-saver group had a significantly higher risk for blood transfusion than
did the controls. In both studies, the number of transcranial Doppler-detected cerebral embolic
signals did not differ between control patients and those that had had cell-saver processing
during CPB.

Blood pressure management
Blood pressure during CPB is often kept at a minimum of 50 mmHg based on the view that
intact CBF autoregulation (using α-stat pH management) will ensure adequate brain oxygen
and nutrient delivery.[3,13] Further, increasing CBF during CPB is widely believed to pose a
risk for brain injury from increased cerebral embolic load.[3,13] Whether this low MAP target
during CPB is suitable for contemporary practice that includes caring for an increasing number
of patients with pre-existing cerebral vascular disease is unknown. In a prospectively
randomized study performed by Gold et al,[49] patients undergoing CABG surgery were
managed during CPB with either a “low” or “high” MAP target of 50 to 60 mmHg or 80 to
100 mmHg, respectively. The combined end-point of myocardial infarction and/or stroke was
less common in the “high” than in the “low” MAP group (p = 0.026). This study did not have
an adequate sample size to detect differences in stroke as a single end-point. There were no
differences in the frequency of neurocognitive dysfunction in the different MAP groups. Even
though the study by Gold et al[49] has limitations, the data have provided de facto support for
maintaining MAP targets higher than 50 mmHg during CPB. Retrospective analysis further
supports the notion that higher MAP during CPB reduces the risk of brain injury in high-risk
patients, such as those with atherosclerosis of the aorta.[50] Consequently, most institutions
keep MAP >70 mmHg in high-risk patients during CPB. A common clinical dictum invoked
by many centers is to keep MAP targets within the same numerical value as the decade of the
patient’s age (e.g., >70 mmHg for 70-year-olds, >80 mmHg for 80-year-olds).

Mediastinal CO2 insufflation
Most cerebral emboli detected with transcranial Doppler during CPB are composed of air.
Because CO2 is more soluble in blood than air is, replacing air in the pericardium during surgery
by simply insufflating the wound with CO2 is a strategy often used to increase the rate of
absorption of intravascular emboli.14 This method reduces the number of arterial emboli, but
it has not been extensively studied as a potential means of brain protection in humans. However,
few risks are associated with this practice.
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Hemoglobin/hematocrit targets
Hemodilution is used during CPB to reduce the viscosity of blood during hypothermia and to
reduce the need for allogeneic blood transfusion. The brain compensates for decreased blood
oxygen carrying capacity by increasing CBF and tissue O2 extraction.[51] In dogs undergoing
CPB, these processes maintain brain tissue oxygenation to a hematocrit of 12% at 12°C, 15%
at 28°C, and 18% at 38°C.[51] However, these targets are likely higher for patients with
cerebrovascular disease. In addition, experimentally, ischemic neurons can not compensate for
lower tissue oxygen delivery when hematocrit is <30%.[52] Moreover, a CBF that has
increased to compensate for anemia could theoretically increase cerebral embolic load and
elevate the risk for brain injury. Retrospective analysis has further linked low hematocrit levels
during CPB with mortality.[53–55] Habib et al[55] found that a hematocrit <22% on CPB was
independently associated with stroke after cardiac surgery. Karkouti et al[56] found that the
odds of stroke increased 10% for each 1% decrease in hematocrit during CPB.

The randomized trials that have been conducted in adults undergoing cardiac surgery to
evaluate different hematocrit targets for transfusion during CPB have provided very little data.
Several small trials using autologous pre-donated red blood cells for transfusion at different
hematocrit targets do not provide guidance for intraoperative management during CPB.[57]
[58] In a randomized trial of 107 patients undergoing CABG surgery, Mathew et al[59]
evaluated a minimal CPB hematocrit target of 27% or 15-to-18% on neurocognitive end-points.
The study’s safety committee stopped the trial based on the fact that the adverse event rate was
higher in the low hematocrit group. At the same time there was an interaction between age and
the lower hematocrit levels and risk for postoperative neurocognitive dysfunction.

The optimal hematocrit level for humans during CPB is not known and is likely to vary between
and within patients depending on many factors, including body temperature and the individual
risk for ischemic brain injury. Recently released guidelines for blood transfusion from the
Society of Thoracic Surgeons and the Society of Cardiovascular Anesthesiologists opine that
it is “reasonable” to transfuse RBCs during CPB when hemoglobin is <6 g/dL or after surgery
when hemoglobin is <7 g/dL.[60] When there is risk for end-organ ischemia, these targets are
raised by 1 g/dL to 7 g/dL during CPB. Additionally, the authors of those guidelines emphasize
that the patient’s clinical situation is the most important component of the transfusion decision
process.

Temperature management
Reducing brain temperature provides protection against ischemic neuronal injury by several
mechanisms, including reduced cerebral O2 demands and reduced excitotoxicity.[61]
Clinically, hypothermia induced after cardiac arrest has been shown to lead to improved
neurological outcomes and survival.[62–64] It has been used during CPB for decades to provide
organ protection.[3] Nonetheless, available data are insufficient to support its neuroprotective
benefits. In a meta-analysis of randomized trials of patients undergoing CABG surgery, Rees
et al[65] reported no differences between the use of hypothermia and normothermia in the risk
for stroke. One explanation for the disappointing clinical effects of hypothermia during cardiac
surgery might be that any potential benefits might be off-set by inadvertent cerebral
hyperthermia during rewarming.[66] The latter can easily occur because the aortic cannula that
returns warmed blood to the central circulation is in close proximity to the cerebral vessels.
Further, cerebral temperature is often underestimated clinically from normal temperature
monitoring sites (e.g., nasopharynx, esophagus).[62,67] In fact, Nathan et al[68] reported that
rewarming to a nasopharyngeal temperature of 34°C after hypothermic CPB (32°C) led to a
lower frequency of neurocognitive dysfunction 1 week and 3 months after CABG surgery than
did rewarming to 37°C. Incomplete rewarming hypothetically may lead to an increase in
surgical bleeding and hemodynamic fluctuations. Nonetheless, in the studies by Nathan et al
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[68], the duration of mechanical lung ventilation, blood loss, blood transfusion rates, and re-
operation for bleeding were not different between the partial and complete rewarming groups.

Glycemic control
Blood glucose control as a means for lessening brain injury has been the focus of investigation
in both surgical and non-surgical patients. It is well established that there is a relationship
between even mild hyperglycemia (i.e., >140 mg/dL) and diminished outcome after stroke that
can occur via multiple mechanistic pathways.[3] Interest in strict perioperative glycemic
control most recently has been fostered by data from a trial in surgical ICU patients that showed
a 34% reduction in mortality (8% vs 4.6%, p = 0.04). This reduction was accomplished by
maintaining plasma glucose between 80 and 110 mg/dL with an intensive insulin infusion
rather than using insulin therapy when glucose exceeded 215 mg/dL.[69] A caveat to these
results, though, is that the improved outcomes were observed only in patients who were in the
ICU for more than 5 days. In medical ICU patients, a similar protocol led to lower morbidity
but higher mortality compared with controls in patients who stayed in the ICU for fewer than
3 days receiving intensive insulin treatment.[70] However, the benefits of intensive insulin
infusion on mortality end-points were observed when the ICU length of stay was more than 3
days.

The risks and benefits of tight intraoperative glycemic control were not compared in the studies
described above. In a prospectively randomized trial in non-diabetic patients undergoing
CABG surgery, an intraoperative insulin protocol (insulin given when glucose was >100 mg/
dL versus when glucose was >200 mg/dL) did not lead to a difference in the frequency of
neurological complications 6 weeks or 6 months after surgery.[71] Another investigation in
400 patients undergoing cardiac surgery found that intensive insulin infusion to maintain
glucose between 80 and 100 mg/dL was associated with a higher composite outcome of death,
cardiac morbidity, stroke, or renal failure than when insulin was given only for glucose >200
mg/dL (p = 0.02).[72] Thus, the benefits to neurological outcome of maintaining tight glycemic
control during cardiac surgery are currently unproven.

Hyperglycemia is common after stroke, occurring in more than one-third of non-diabetics and
in most diabetics.[73] Persistent hyperglycemia (>200 mg/dL) during the first 24 hours after
stroke is an independent predictor of expansion of cerebral infarction.[74] Recommendations
for managing hyperglycemia after stroke are included in the general guidelines for management
of acute ischemic stroke issued by the American Heart Association.[75] These guidelines
acknowledge that the exact glucose level to prompt intervention after stroke is unknown but
state that it is reasonable to initiate insulin therapy when glucose is >140 to 185 mg/dL. (Class
IIa, level of evidence C). In one prospective study, patients with glucose levels of 108 to 308
mg/dL after acute stroke were randomized to receive either no treatment or a glucose-
potassium-insulin (GKI) infusion for 24 hours.[76] There were no differences in the 90-day
mortality rate or functional outcome between the GKI-infusion and control groups. This trial
has two caveats, however. First, the study included both ischemic and hemorrhagic stroke
subtypes, and second, it was stopped prematurely due to low enrollment.

Avoiding CPB during CABG surgery
“Off-pump” CABG surgery has been proposed as a means to reduce the incidence of brain
injury, particularly in high-risk patients. It is reasoned that avoiding CPB will prevent many
injurious events to the brain, including emboli and systemic inflammation. Early reports from
non-randomized case series support this concept. Nonetheless, data from prospectively
randomized trials comparing “on” versus “off” CPB CABG surgery have failed to show a
markedly reduced frequency of neurological complications with off-pump surgery. In a
seminal study, Van Dijk et al[77] found few differences in neurocognitive dysfunction 1 year
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after surgery in patients prospectively randomized to undergo CABG surgery with or without
CPB. These investigators more recently reported that cognitive outcomes remained no different
5 years after surgery between the two randomized groups.[78] Meta-analysis of randomized
trials of “off-pump” versus CABG surgery with CPB revealed no difference in risk for stroke
between the procedures, but there were too few patients studied to draw conclusions with regard
to risk for neurocognitive dysfunction.[79] A substantial limitation of the data gathered thus
far is that the prospectively randomized trials have been conducted in mostly young and low-
risk patients. Therefore, the benefits of avoiding CPB in older and higher-risk patients have
not been substantially examined. Case series, in fact, report that this group of patients might
indeed have lower stroke rates when CABG surgery is performed “off pump”.[80] It must be
acknowledged, even by proponents of “off-pump” CABG surgery, that embolization is still
possible during manipulations of an atherosclerotic ascending aorta, such as during proximal
bypass graft anastamosis.[81] Moreover, hemodynamic perturbations during cardiac
manipulations that are necessary for distal coronary artery anastamosis might lead to reduced
CBF. Thus, more data is needed to evaluate the effects of avoiding CPB during CABG surgery
on neurological complications.

Pharmacologic brain protection
Multiple advances toward understanding the basic mechanisms of brain injury have led to the
development of pharmacologic strategies for neuroprotection. Based on sound experimental
evidence, including data from animal studies, several putative neuroprotective agents have
been examined in cardiac surgical patients, but the results have been mostly negative.[3] Agents
tested have included those that reduce brain oxygen consumption to increase tolerance to
ischemia and those that target established neuroprotective pathways, including the NMDA
receptor, calcium channels, oxidant stress, the GABA receptor, and others. Post-hoc analyses
of several trials have suggested encouraging neuroprotective effects with remacemide and
complement-inhibiting agents.[3] For the most part, however, there are no widely accepted
pharmacologic agents with proven efficacy to reduce the extent of brain injury associated with
cardiac surgery.

The most encouraging data have evolved from secondary analysis of prospectively randomized
clinical trials of aprotinin. In these trials designed to evaluate the efficacy of aprotinin to reduce
bleeding and transfusion after cardiac surgery, a lower frequency of stroke has been
consistently observed. A meta-analysis of these randomized, placebo-controlled trials
involving 3879 patients demonstrated that, compared with placebo, aprotinin reduced the risk
for stroke (relative risk 0.53, 95% CI, 0.31–0.90).[82] It must be acknowledged that stroke was
a safety end-point for these studies; the studies were not designed to evaluate this end-point
primarily. Retrospective analysis of observational data has revealed either a higher rate of
stroke or no difference in stroke rate for patients who received aprotinin, as compared with
those who received amino-caproic acid, tranexamic acid, or no antifibrinolytic at all.[83,84]
Limitations to this approach, despite statistical adjustments, include treatment bias whereby
clinicians might have chosen to treat higher-risk patients with aprotinin. Regardless, additional
data are needed from clinical trials specifically designed to test the neuroprotective effects of
aprotinin. The decision to use aprotinin should be based on its approved indication for reduction
of bleeding in cardiac surgical patients.

Neuromonitoring
Reduction in cerebral oxygenation, which can be detected with near infrared cerebral oximetry
(NIRS), is associated with risk for stroke and neurocognitive dysfunction.[85,86] Clinical
monitoring of NIRS can be performed with two different FDA-approved devices with different
methodologies. The INVOS device (Somenetics Corp, Troy, MI) uses a light-emitting diode
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in two channels to provide a continuous wave spectrometer that measures relative changes in
regional O2 saturation of the frontal lobe. The Foresight device (CAS Medical Systems,
Branford, CT) uses fiberoptic light in four channels to monitor phase shifts at 754 nm, 785 nm,
and 816 nm in reference to 780 nm to measure brain tissue oxygenation.[87] Whether
interventions to treat cerebral O2 desaturation will improve neurological outcomes is not yet
known. The best current data comes from a randomized study of 200 patients undergoing
CABG surgery.[88] In that study, patients received either regimented interventions to treat
NIRS-detected O2 desaturation or standard of care. The interventions used to address low
cerebral O2 saturation included ensuring adequate CPB flow, raising the MAP, ensuring
normocarbia (reducing gas-inflow during CPB or “sweep”), deepening anesthesia, raising the
FIO2, and initiating pulsatile CPB flow. The group that received intervention was found to
have lower rates of major organ injury (death, myocardial infarction, stroke) and shorter ICU
length of stay than the control group.

Evidence-based recommendations
Clinicians are accustomed to evaluating a broad range of evidence when making decisions
regarding medical therapeutics and interventions. A structured, evidence-based analysis of the
literature is often employed to provide a structure to recommended treatments/interventions.
[89] Based on the above review, we have used such an approach to provide recommendations
for brain protection during cardiac surgery (Table 2). These evaluations are based on our
literature review of human studies that have evaluated the primary outcomes of clinical stroke
and neurocognitive dysfunction in patients undergoing cardiac surgery primarily with CPB.
We have ranked the quality of the data using methods employed by the American Heart
Association as Level A, when the data comes from multiple randomized clinical trials or meta-
analysis; Level B, when the data is from a single randomized trial or non-randomized studies;
and Level C, case studies, expert opinion, or standard of care. Based on this heirrachy of
evidence, recommendations are made as noted. This summary should provide clinicians with
a framework on how to interpret the current state of knowledge for brain protection during
cardiac surgery.
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Fig. 1.
Illustration of augmentation index calculation in stiff (upper panel) and normal vessels (lower
panel). The left panel illustrates tonometrically measured radial artery wave form obtained
from a patient prior to CABG surgery (upper panel) and a healthy volunteer (lower panel). The
right panels show derived aortic waveforms. The augmentation index is calculated as the
quotient of the difference between systolic blood pressure and the pressure measured at the
inflection point of the waveform over the pulse pressure. In normal vessels (lower panel) the
augmented pressure resulting from reflected waves is small in magnitude and occurs during
diastole. In contrast, in stiff vessels (upper panel), the augmented pressure is amplified and
occurs during systole, resulting in increased pulsatile load in the cardiovascular system.
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Fig. 2.
Relationship between pulse pressure and probability for stroke in a series of 703 patients after
cardiac surgery. There was a significant relationship between rising pulse pressure and risk for
perioperative stroke. In a Cox model, pulse pressure was an independent predictor of stroke
(hazard ratio, 1.32, 95% confidence interval, 1.12 to 1.57 for every 10 mmHg increase in pulse
pressure, p = 0.001). (Reprinted with permission from Benjo A, Thompson RE, Fine D, et al.
Hypertension 2007;50:630–5.)
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Table 1
Clinical forms of brain injury and relative frequencies

Clinical manifestation Frequency

Stroke
  Low risk patient ≤ 1%
  High risk patient 5% to 16%
Encephalopathy 8.4% to 32%
Neurocognitive dysfunction
  Hospital discharge 40% to 75%
  One Month after surgery 12% to 30%

Anesthesiol Clin. Author manuscript; available in PMC 2009 September 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Grogan et al. Page 17

Table 2
Recommendations for measures to reduce brain injury during cardiac surgery.[3]

A membrane oxygenator and an arterial line filter (≤40 µM) should be used for CPB. Class I (Level A)
Epiaortic ultrasound for detection of atherosclerosis of the ascending aorta. Class I (Level B)
Hyperthermia should be avoided during and after CPB. Class I (Level B)
A single aortic cross-clamp technique should be used for patients at risk for atheroembolism. Class IIa (Level B)
During CPB in adults, α-stat pH management should be considered. Class IIa (Level A)
Arterial line temperature during CPB rewarming should be limited to 37°C. Class IIa (Level B)
NIRS monitoring should be considered, especially in high-risk patients. Class IIb (Level B)
Arterial blood pressure should be maintained at >70 mmHg during CPB in high-risk patients. Class IIb (Level B)
Serum glucose should be kept <140 mg/dL with an infusion of insulin. Class IIb (Level C)
Transfusion of packed red blood cells should be considered in high-risk patients when hemoglobin is ≤7
g/dL or higher, depending on other patient-specific considerations.

Class IIb (Level C)

Processing cardiotomy suction aspirate with a cell-saver device as a means for preventing neurocognitive
dysfunction.

Class Indeterminate (Level A)

There are currently no pharmacological neuroprotective agents with proven efficacy in humans. Class Indeterminate (Level B)

Note: Class I: always acceptable, proven safe, and definitely useful; Class IIa: acceptable, safe, and useful. Reasonably prudent physicians can choose.
Considered the intervention of choice by majority of physicians. Class IIb: acceptable, safe, and useful. Considered optional or alternative treatment by
most experts; Class III: no evidence of benefit. Class Indeterminate: Intervention can be used, but evidence is insufficient to support efficacy.
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