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Abstract: Cerebral ischemia in the perioperative period is a major risk factor for stroke, encephalopathy, and cognitive decline after cardiothoracic
surgery. After coronary artery bypass grafting, both stroke and encephalopathy can result in poor patient outcomes and increased mortality.
Neuroprotection aims to lessen the severity and occurrence of further injury mediated by stroke and encephalopathy and to aid the recovery of
conditions already present. Several pharmacological and non-pharmacological methods of neuroprotection have been investigated in experimental
studies and in animal models, and, although some have shown effectiveness in protection of the central nervous system, for most, clinical research is
lacking or did not show the expected results. This review summarizes the value and need for neuroprotection in the context of cardiothoracic surgery
and examines the use and effectiveness of several agents and methods with an emphasis on clinical trials and clinically relevant neuroprotectants.
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Stroke and Encephalopathy After
Cardiac Surgery

The number of major heart operations and procedures is
constantly growing, as advancements in surgical proce-
dures, medical technology, and clinical understanding
allow for a greater number of “high-risk” patients to
undergo invasive treatment. An increasing number of
patients undergoing major operations and subjected to
possible postoperative complications compounds surgical
risk factors. Thus, the need for an effective neuroprotec-
tive is on the rise to protect a growing patient population
by preventing dangerous perioperative and postoperative
complications and degeneration. Neuroprotection com-
prises the strategies employed to safeguard the central
nervous system (CNS) from injury or degeneration,
specifically through the maintenance of oxygen and nu-
trient supply to preserve metabolic function. Neuropro-
tective efforts have employed a variety of agents to protect
the CNS and mitigate risks specifically relating to cardio-
thoracic surgery. One of the main procedures in cardio-
thoracic surgery is coronary artery bypass grafting

(CABG), and every year about 300,000 surgeries are
performed in the USA [1]. Patients who had undergone
CABG have been found to have a 1.5%–5.2% risk of
perioperative stroke along with a subsequent increase in
mortality [2]. A prospective 25-year study determined
that about 1.5%–2.0% of patients undergoing CABG
experienced a stroke, and CABG patients who experi-
enced strokes had worse survival. After 1 year, survival for
CABG patients who experienced stroke was 70% com-
pared to 95.3% for patients who did not experience
stroke. The survival rate after 10 years was 37% for
patients with intra- and postoperative stroke versus
68% for non-stroke CABG patients [3].

Generally, carotid stenosis is a major risk factor for
stroke in CABG patients along with diabetes on insulin
and peripheral arteriopathy [4]. Unstable angina, low left
ventricle ejection fractions, postoperative atrial fibrilla-
tion, and postoperative hypotension are additional risk
factors of stroke in CABG patients with a previous history
of stroke. While about 5% of CABGs may result in
ischemic stroke, 7.4% result in ischemic stroke when the
patients have a history of stroke even if pharmacological
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neuroprotectants like propofol are used [5]. Cerebral is-
chemia causes large release of glutamate, which results in
stimulation of the N-methyl-D-aspartate (NMDA) recep-
tor and subsequent calcium-dependent death-signaling
leading to neuronal death. Excitotoxicity, neurotoxicity
mediated by glutamate, is an exaggeration of neuronal
excitation and has been classified as a primary contributor
to ischemic neuronal death. Excitotoxicity is facilitated by
sodium ions although removal of sodium ions effectively
limits only neuronal swelling not neuronal death. Neuron
survival is promotedmainly via stimulation of voltage-gated
calcium channels. Blocking the NMDA receptor is associ-
ated with many side effects arising from the variety and
importance of neurological functions involving these recep-
tors; therefore, for maximum safety and efficacy, NMDA
receptors must be targeted/blocked with therapies imme-
diately before or after the onset of stroke [6].

A prospective single-center study recorded the inci-
dence of stroke to be 2.4% within 14 days following
CABG, and almost half of patients who experienced stroke
experienced it within 24 h of CABG [7]. For this reason,
stroke remains a prominent threat to a patient’s survival
although its incidence in cardiac surgery may be increasing
due to more “high-risk” patients being admitted into
hospitals and undergoing cardiothoracic surgery over the
past 20 years. Since patients are vulnerable in the periop-
erative and early postoperative period, identifying surgical
neuroprotection methods is paramount. These methods
must be evaluated on long-term outcomes they provide for
patients along with how successfully they protect patients
in the period during and shortly after surgery.

Besides stroke, another important risk associated with
cardiothoracic surgery is encephalopathy. Encephalopa-
thy is described as including “confusion, delirium, sei-
zures, coma, and prolonged alteration in mental status,
combativeness, and agitation,” but definitions and diag-
nosis methods vary across the literature. This state may be
underreported due to inconsistencies in measuring and
evaluating its presence but has been observed to occur in
8.4%–32% of patients after CABG [8, 9]. Microemboli,
hypoperfusion, and atrial fibrillation are all risk factors for
encephalopathy in the postoperative period of cardiac
surgery [10]. The importance of these conditions is that
they prolong hospital stay and may cause long-term
morbidity and disability. The average length of hospital
stay for CABG without complications is less than a week
(6.6 days), whereas with encephalopathy, this stay is
extended on average to approximately 2 weeks [11].
Stroke increases the length of stay to 17.5 days on average
with a mortality of 22.0%. In addition, patients with
encephalopathy experience a prolonged stay (15.2 days
on average) and a 7.5% mortality rate, five times the
average mortality after CABG for those without enceph-
alopathy or stroke [11].

A quarter of patients undergoing CABGmay also show
signs of one form of encephalopathy, cognitive decline,

within 3 months of surgery. Postoperative cognitive dys-
function (POCD) remains an elusive phenomenon to
measure, diagnose, prevent, and predict as it can affect a
variety of independent cognitive domains, which may not
all be evident through the arbitrary testing methods used.
Over half of the patients typically experience cognitive
decline a week after cardiac surgery, but this number falls
to 30%–50% at 8–10 weeks and 10%–20% at 1 year. Risk
factors for postoperative cognitive decline are similar as
those for encephalopathy: microemboli, hypoperfusion,
arrhythmias, and exaggerated inflammatory responses
[12]. A single-center study has demonstrated postopera-
tive delirium in patients who underwent elective cardiac
operations to be a predictor of postoperative frailty and
major adverse cardiac events. Age and surgery duration are
also established risk factors for postoperative delirium,
which has previously been shown as a strong predictor of
10-year mortality and cognitive decline. In addition, post-
operative frailty has been repeatedly shown as a marker for
adverse cardiovascular outcomes, so its prevention through
neuroprotective methods to limit POCD and delirium is
relevant for evaluating the potential use of a neuroprotec-
tive agent [13].

Studies have begun to look into the option of pre-
venting these postoperative problems, which are believed
to be caused by cerebral ischemia in the perioperative
period. Both stroke and encephalopathy are considered to
be caused by microemboli, hypoperfusion during surgery,
and postoperative atrial fibrillation. To prevent CNS
morbidity, these neurological events must be either re-
duced in severity, or prevented entirely although stroke
and encephalopathy become greater risks in the presence
of cerebrovascular disease, comorbid conditions, and
other factors. Many different methods have been tried
to prevent the occurrence of stroke and encephalopathy
in cardiac surgery including the use of pharmacological
agents and other non-pharmacological methods. A sum-
mary of pharmacological agents and their clinical study
for usage in cardiac surgery and application in non-cardiac
surgery is shown in Table I.

Pharmacological Neuroprotection in
Cardiac Surgery

Various pharmacological agents have been found to alter
blood flow to the nervous system. Cardiac surgery
patients are prime candidates for pharmacological neu-
roprotectants as they frequently suffer from cerebral
ischemia, while research has shown that anesthesia
increases the ischemia tolerance of the brain.

Barbiturates are promising neuroprotectants as they
reduce the amount of energy needed by neurons in the
brain. Thiopental, a barbiturate, demonstrated a signifi-
cantly decreased incidence of neuropsychiatric dysfunc-
tion following cardiopulmonary bypass, but reflection
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determined that the neuroprotective effects of thiopental
were mainly due to its ability to reduce the embolic load
to the brain [14, 15]. Following CABG, patients who
were given thiopental provided in the same way as in the

study of Zaidan et al. had an incidence of stroke, which
was higher but not significantly different from the placebo
group [16]. Although barbiturates decrease neuronal
metabolic need, they are not a perfect neuroprotective

Table I Prospective clinical summary table for pharmacological agents

Study Intervention Surgery Patients enrolled
Postoperative
follow-up

Nussmeier et al. [14] Thiopental (barbiturate) Cardiac/open-ventricle 182 (93 control) 1 day, 10 days

Zaidan et al. [16] Thiopental (barbiturate) CABG 300 (151 control) 2 days, 5 days

Kruger et al. [18] Steroids, barbiturates,
mannitol, and
combination

Aortic dissection type A 2,137 (1,026 control) 30 days

Royse et al. [25] Propofol and desflurane
(volatile anesthetic)

CABG 177 (90 desflurane) 3 months

Roach et al. [26] Propofol Aortic or mitral valve 225 (116 control/
sufentanil)

1 day, 6 days,
60 days

Mathew et al. [28] Lidocaine Cardiac 241 (127 control) 6 weeks, 1 year

Mitchell et al. [30] Lidocaine Cardiac 158 (77 control) 10 weeks, 25 weeks

Wang et al. [31] Lidocaine CABG 118 (61 control) 9 days

Arrowsmith et al. [32] Remacemide CABG 171 (84 control) 8 weeks

Bhudia et al. [35] Magnesium sulfate CABG and/or valve 350 (176 control) 1 day, 4 days,
3 months

Mathew et al. [36] Magnesium Cardiac 389 (191 control) 6 weeks

Mack et al. [37] Magnesium Carotid endarterectomy 92 (43 control) 1 day

Hudetz et al. [40] Ketamine Cardiac surgery 52 (26 control) 1 week

Avidan et al. [41] Ketamine Major cardiac and
non-cardiac

672 (222 control) Twice a day in first
3 days

Lockwood et al. [43] Xenon CABG 16 Immediately
postoperatively

Al Tmimi et al. [46] Xenon and sevoflurane
(volatile anesthetic)

CABG 42 (21 xenon) 6 months

Rasmussen et al. [47] Xenon and propofol Knee replacement 39 (21 xenon) Between 3 and
5 days and 3 months

Coburn et al. [48] Xenon and desflurane Elective surgery 38 (18 xenon) 6–12 h and 66–72 h

Forsman et al. [49] Nimodipine Cardiac 35 (17 control) 6 months

Legault et al. [50] Nimodipine Valve replacement 150 (75 nimodipine) 1 week, 1 month,
6 months

Mardani et al. [56] Dexamethasone (steroid) CABG 93 (43
dexamethasone)

1 day, 2 days, 3 days

Levy et al. [57] Aprotinin CABG 287 (91 control) Up to 12 days

Mangano et al. [60] Aprotinin CABG 4,374 (1,072
aprotinin)

6 weeks, 6 months,
and annually for
5 years

Drenger et al. [67] ACE inhibitors CABG 4,224 (2,043 control) 30 days

Billings et al. [74] Atorvastatin Cardiac 199 (97 control) 2 days

Zheng et al. [75] Rosuvastatin Cardiac 1,922 (962 control) 5 days

Grieco et al. [84] Ganglioside GM1 Cardiac 19 (11 control) 1 day, 1 week,
6 months

CABG: coronary artery bypass grafting
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agent due to their prolonged effect and reduction of
cerebral blood flow [17]. In addition, in type A aortic
dissection surgery, barbiturates demonstrated no preven-
tion of postoperative mortality-corrected permanent
neurological dysfunction or reduction of 30-day mortality
[18]. A lack of clinical evidence and complications from
extended effect keep barbiturates from being effective
neuroprotectants.

Volatile anesthetics provide a solution to the problem
experienced with barbiturates as they act quickly and then
dissipate, although properties vary among agents. The
variability in expected outcomes of volatile anesthetics use
is a result of confusion surrounding their anesthetic
mechanisms [19]. Volatile anesthetics can ideally provide
neuroprotective effects through increased intracellular
calcium, increased cerebral blood flow, downregulation
of metabolism, excitotoxicity inhibition, reduction of
oxidative stress, and increased potassium channel activity,
although there is uncertainty about which agents
are optimal and how dose dependent their effects are
[19–21]. Overall, meta-analyses comparing isoflurane
versus sevoflurane determined volatile anesthetic choice
that does not affect postoperative outcomes for cardiac
surgery patients [22]. Mini-mental state examination
scores in a meta-analysis of patients undergoing cardiac
surgery with cardiopulmonary bypass were significantly
higher 24 h postoperatively for patients who received
inhalation of anesthesia agents, such as volatile anesthetics
than for patients receiving intravenous anesthesia agents,
including propofol, thiopental, and ketamine. Data for
parameters at longer time points were not collected, and
intravenous and inhalation anesthesia showed no signifi-
cant differences in the parameters regarding cerebral
metabolism and oxygenation [23]. One of the first studies
to examine surgical levels of anesthesia in humans for an
inhalational agent, sevoflurane, demonstrated significant
global reduction of cerebral absolute blood flow, which
may indicate that other volatile anesthetics would cause
similar outcomes [24]. Volatile anesthetics have failed to
be neuroprotective clinically but may potentially be used
in anesthesia and paired with neuroprotective agents for
optimal outcomes.

Sedation with propofol, a sodium channel blocker, was
tested as an alternative for general anesthesia. Propofol
treatment showed no difference in incidence of POCD at
3 months compared to patients treated with a volatile
anesthetic, desoflurane, although the propofol group had
a significantly higher incidence than desoflurane before
hospital discharge [25]. Propofol increased incidence of
adverse neurologic outcomes in valve surgery patients at
postoperative days 1 and 2 and 5–7 days after surgery,
although no significant differences were found 50–70
days postoperatively [26]. Propofol was found to be an
unreliable neuroprotective method as it globally reduces
absolute cerebral blood flow [24]. During cardiopulmo-
nary bypass, propofol decreased cerebral blood flow

velocity and cerebral oxygen extraction [27]. Propofol’s
lack of clinical success and reduction of cerebral blood
flow make it a poor neuroprotective candidate.

Lidocaine is a sodium channel blocker and local anes-
thetic, which was also tested as a neuroprotective agent in
cardiac surgery and was successful in non-diabetic
patients, but diabetic patients were still susceptible to
POCD despite lidocaine treatment [28]. Lidocaine also
has a fast onset and lasts for an intermediate amount of
time. It presumably reduces cerebral inflammation by
crossing the blood–brain barrier [29]. While postopera-
tive lidocaine treatment for 48 h following cardiac surgery
decreased POCD, 12-h lidocaine infusion in CABG
patients showed no difference in cognitive and memory
testing [30]. However, a different study found that
POCD 9 days after surgery was reduced in CABG
patients receiving perioperative lidocaine [31]. Lidocaine
is a very promising neuroprotective agent, but to establish
it as a neuroprotective agent, more studies are needed
that track stroke and ischemic events in addition to
POCD at longer postoperative intervals.

Another sodium channel blocker and non-competitive
NMDA antagonist, remacemide, was found to improve
cognitive health according to measured change in learn-
ing ability, but remacemide was not associated with
reduced POCD, and the study failed to include patients
with a history of neurological or psychiatric disorders
[32]. Because the NMDA receptor-mediated pathways
modulate excitotoxicity, NMDA receptor antagonists are
promising neuroprotective agents to minimize neuronal
death [33].

Magnesium is also an attractive neuroprotective candi-
date because of its blocking of both the NMDA receptor
and voltage-gated calcium channel [34]. Magnesium has
shown effectiveness improving short-term postoperative
memory and cortical control over brain stem function after
CABG [35]. A prospective, randomized, double-blind,
placebo-controlled clinical trial determined that periopera-
tive magnesium during cardiac surgery did not reduce
POCD. Subgroup analyses found that low-dose magne-
sium improved neurocognitive function on postoperative
day 1, while placebo-treated patients were not different
from those treated with high-dose magnesium, but
magnesium treatment did not result in any significant,
long-term neurocognitive improvements [36]. Patients
undergoing carotid endarterectomy in a double-blind,
placebo-controlled trial who received low-dose magnesium
demonstrated less cognitive decline than patients treated
with placebo or high-dose magnesium [37]. Low-dose
magnesium, like lidocaine, is a promising neuroprotectant
but clinical evidence of its effect in preventing stroke and
ischemic events in addition to POCD is needed.

Ketamine, which is also an NMDA receptor antago-
nist, was investigated for neuroprotective properties due
to its potent inhibition of neurotransmission and
anti-inflammatory features [38]. Ketamine increased
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absolute regional cerebral blood flow in a concentration-
dependent manner in all brain regions studied, and when
provided as an anesthetic in cardiac surgery, it has also
limited the incidence of POCD and postoperative deliri-
um [39, 40]. However, in a multicenter, international
randomized trial, preoperative, subanesthetic, low-dose
ketamine was not associated with a difference in postop-
erative delirium incidence but did increase hallucination
and nightmare occurrence [41].

Xenon, another NMDA receptor antagonist, has been
tested as a neuroprotective agent as well, despite concerns
about its potential to exacerbate injury during cardiac
surgery by increasing the volume of bubbles in air-based
emboli due to its propensity to create expanding gaseous
bubbles [42]. However, a study showed patients using
xenon and undergoing CABG while on cardiopulmonary
bypass had no major organ damage and no cerebral
embolization [43]. Xenon can reduce neurodegeneration
and protect cortical neurons through NMDA receptor
antagonism as well as prevention of cell death through
oxidative stress mechanisms [44]. A study by Laitio et al.
[45] is one of the few studies to experiment with xenon
monoanesthesia in humans and found that xenon anes-
thesia decreased regional cerebral blood flow. In addition,
postoperative delirium was shown to occur more fre-
quently in off-pump CABG patients treated with xenon
anesthesia compared to patients treated with sevoflurane
anesthesia in a small, randomized pilot trial [46]. While
xenon has demonstrated some neuroprotective effects in
non-cardiac surgery, it has displayed limited potential as a
neuroprotectant in cardiac surgery [47, 48].

Nimodipine, a calcium channel blocker, has been
found to improve patient’s verbal fluency and visual
retention without any resulting signs of ischemic damage
in patients undergoing cardiac surgery [49]. An early
terminated, double-blind, randomized clinical trial using
nimodipine for patients receiving cardiac valve surgery was
terminated early because of an unprecedented increase of
death and bleeding events in the nimodipine groups [50].
Overall, nimodipine has been mainly limited to studies
within cellular neurological models and protected against
glucose deprivation, trophic withdrawal, and surgical
stresses where it has demonstrated efficacy [51, 52]. More
neuroprotection studies are needed to reestablish nimo-
dipine’s candidacy as a neuroprotective agent.

Corticosteroids have also been studied as agents for
neuroprotection because they reduce body’s inflamma-
tory response, which could reduce the incidence of
POCD and benefit in ischemic stroke and encephalopa-
thy [53]. In spite of that, corticosteroids may also cause
atrophy, neurotoxicity, neuroendangerment, and hyper-
glycemia after administration [54]. More recent research
drew promising conclusions about corticosteroids’ neu-
roprotective properties. Neonatal piglets treated with
methylprednisolone demonstrated significantly increased
mean global cerebral blood flow recovery when treated

prior to cardiopulmonary bypass and deep hypothermic
circulatory arrest (DHCA). Regional recovery of cerebral
blood flow in the cerebellum, brain stem, and basal
ganglia was all significantly higher for the piglets treated
with corticosteroids when compared to the piglets in the
control group. Cerebral oxygen metabolism recovery was
also significantly higher for the corticosteroid-treated
piglets [55]. In aortic dissection type A surgery, steroid
treatment resulted in a significantly lower postoperative
mortality-corrected permanent neurological dysfunction
rate but no change in 30-day mortality [18]. Dexameth-
asone, another corticosteroid, was given before anesthesia
and taken for 3 days postoperatively by patients
undergoing CABG, which resulted in significantly better
mini-mental state examination results on the first two
postoperative days and reduced incidence of postopera-
tive delirium on the first postoperative day. Moreover,
intubation time and hospital length of stay for patients
treated with dexamethasone were significantly shorter
than the patients in the control group. Incidence of
transient ischemic attack and stroke was lower for the
corticosteroid-treated group, yet still comparable [56].
Larger clinical studies are warranted to validate the neu-
roprotective effects of corticosteroids.

Aprotinin is a trypsin inhibitor, which has been tested
as a neuroprotective agent and shown in multiple studies
to reduce the incidence of stroke following cardiac
surgery [57, 58]. Aprotinin is able to cross the blood–
brain barrier. Nevertheless, research has found aprotinin
to have no direct effect on POCD and even increased
risk of long-term mortality, renal failure, and stroke
rate for patients post-CABG [59, 60]. The benefits
shown by aprotinin are obtained due to an indirect
effect that the drug had on limiting overall blood loss
and reducing the occurrence of cerebral emboli, but the
increased mortality risk led to its removal from clinical
use [61].

Beta-blockers are an existing therapy used to reduce
blood pressure, which have properties that may make
them effective neuroprotectants. They have established
efficacy for hemodynamic stabilization and are encour-
aged for use in both high-risk patients undergoing vas-
cular surgery and intermediate risk patients undergoing
non-cardiac surgery as they can prevent cardiac events
[62]. Beta-blockers administered before stroke onset
have demonstrated no association with mortality, whereas
beta-blockers administered in the acute stage of stroke
had a reduced mortality. The impaired autonomic func-
tions caused by beta-blockers reduce stroke incidence and
improve outcomes by reducing inflammation and blood
pressure derangements along with other pathophysiolog-
ical mechanisms [63]. A retrospective study found that
preoperative beta-blocker use has demonstrated no asso-
ciation with postoperative delirium, stroke, or mortality
following cardiac surgery. Patients who received beta-
blockers had decreased odds of longer delirium duration
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and increased odds of acute kidney injury stage 2, but
these conclusions were refuted following secondary anal-
ysis [64]. On the contrary, it was also shown that peri-
operative beta-blocker treatment during CABG reduces
incidence and risk of adverse neurologic events, stroke,
and coma following surgery [65]. The neuroprotective
benefits of beta-blockers in cardiac surgery are not defin-
itive, but further study is warranted to understand if beta-
blocker treatment should be continued perioperatively
and can be paired with an anesthetic agent.

Similar to aspirin, angiotensin converting enzyme
(ACE) inhibitors can act on thrombus formation through
fibrinolysis, plaque stabilization, and collateral circulation
enhancement in the same way aspirin was shown to
improve stoke outcomes [66]. They are another medica-
tion used to reduce blood pressure whose use as a
neuroprotectant is being explored. An international,
multicenter study found that ACE inhibitor treatment
for on-pump CABG surgery continued postoperatively
resulted in reduced incidence of cardiac and renal events,
but rates of cerebral event and inhospital mortality were
comparable. However, withdrawing ACE inhibitor ther-
apy acutely can increase total complication incidence,
chronic heart failure, renal event, and myocardial infarc-
tion [67]. ACE inhibitors may not have expressly shown
neuroprotective properties in the study mentioned, but
their neuroprotective and cardioprotective properties
have been shown repeatedly. Based on National Institute
of Health Stroke Scale scores, patients treated with ACE
inhibitors before their stroke, who were typically older
and had a greater history of cardiac disease, diabetes, and
hypertension, had significantly reduced stroke severity
and ischemic tissue volumes, which were smaller but
not statistically significant. There was also no difference
in baseline blood pressure for both patient groups dur-
ing admission, which indicates that neuroprotective
mechanisms of ACE inhibitors are independent of their
effects on blood pressure. Cardioembolic strokes made
up a greater subset of strokes and lacunar strokes made
up a smaller subset of strokes in ACE inhibitor patients
compared to non-ACE patients, although the differ-
ences were not significant [68]. High-risk patients, those
with either vascular disease or diabetes along with an-
other cardiovascular risk factor, received ramipril, an
ACE inhibitor that had reduced rates of death due to
cardiovascular causes, death due to any cause, and stroke
[69]. ACE inhibitors are seemingly capable neuropro-
tectants that warrant further study in the setting of
cardiac surgery on the effects that pretreatment and
postoperative treatments have on POCD, stroke, ische-
mic events, and mortality.

Statins, a lipid-lowering medication and type of
3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA)
reductase inhibitors, are a potential neuroprotectant
because they can exert pleiotropic properties with

anti-atherosclerotic, anti-thrombotic, anti-oxidative, and
anti-inflammatory effects [33]. Statins have demonstrated
a general ability to upregulate neural growth factors and
reduce neuroinflammation in cases of Alzheimer’s (AD)
and Parkinson’s disease. In addition, they have demon-
strated a clinical link to reducing corresponding incidence
and severity of inflammation for CNS pathologies.
Through antioxidant effects like downregulation of both
nitric oxide and reactive oxygen species, statins reduce
incidence of both ischemic and hemorrhagic stroke [70].
Statins have not demonstrated consistent neuroprotective
effects during cardiac surgery. A retrospective study of
patients undergoing valve surgery who received statins
pre- and postoperatively demonstrated reduced odds
ratios for stroke and renal dysfunction versus the control
group, but a more recent retrospective meta-analysis of
randomized controlled trials concluded that perioperative
statin use is associated with acute kidney injury and no
differences in stroke or mortality postoperatively [71, 72].
It may be that reported statin-based neuroprotection
outcomes are determined by the dosages as well because
concentrations between 100 nM and 1 μM lead to
effective neuroprotection while greater concentrations
typically reduce cell viability [73]. Regardless of neuro-
protective effects, perioperative statins have shown
repeated increase of acute kidney injury incidence in
randomized, clinical trials, and researchers are favoring
to discontinue the use of statin treatment in cardiac
surgery [74–76]. On the whole, statins are unqualified
neuroprotectants as they present limited promise in pre-
vention of neurological complications and put patients at
risk of acute kidney injury when used in cardiac surgery.

Lipids as Neuroprotective Agents in
Cardiac Surgery

Certain lipids have shown promise in the search for an
effective neuroprotective agent, and research on their role
in neuronal function has made them interesting candi-
dates. For example, a study discovered that patients with
Huntington’s disease (HD) as well as animal and cell
models of HD had reduced a synthesis of monosialogan-
glioside (GM1), and lower GM1 levels increase HD cell
susceptibility to stress and apoptotic stimuli [77]. Other
neurodegenerative diseases, such as AD, are affected by
gangliosides as a non-toxic amyloid beta-protein has been
shown to bind with ganglioside GM1 in AD brains [78].
Yet, research is ongoing to better understand the rela-
tionship of gangliosides and neuronal actors. Lipids,
especially gangliosides, have shown some promise as
neuroprotectants in the experimental setting but lack
convincing clinical results.

One of the major concerns regarding lipid use during
cardiac surgery is the potential for strokes postoperatively.
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Besides preventing further injury, neuroprotective agents
need to contribute to the recovery of existing injury. In
vitro studies using GM1 suggested that GM1 has protec-
tive effects in the acute injury phase and decreases excit-
atory amino acid-related neurotoxicity [79]. GM1 also
prevented further losses of fatty acids and crucial in aiding
the restoration of these levels over time. A study by
Mahadik et al. [80] using GM1 on rats concluded that
it restores membrane fatty acid levels in ischemic tissue
after cortical focal ischemia. Lipids demonstrated more
promise in a dog model where pretreatment and periop-
erative infusion of GM1 during cardiopulmonary bypass
and 2 h of hypothermic circulatory arrest (HCA) pre-
served glutamate receptor expression in the dogs [81]. In
addition, GM1 demonstrated the ability to reduce nitric
oxide production and HCA-induced apoptosis in dogs
treated with GM1 preoperatively and postoperatively
during 2 h of HCA [82].

GM1 ganglioside therapy was first used in a clinical
setting for acute ischemic stroke by Argentino et al. The
study showed that patients with ischemic stroke who had
been given GM1 treatment (either with or without
hemodilution as further neuroprotection) had significant-
ly greater neurologic improvement on the Canadian
Neurological scale score during the first 10 days of
treatment compared to patients who had been given
either placebo or placebo with hemodilution [83].
Although GM1-treated patients had a higher degree of
neurological improvement in all comparisons, no signifi-
cant differences were detected between groups after 21
and 120 days after their stroke, and no significant
difference in mortality was detected between groups.
The causes of death were evenly distributed among
patients who did and did not receive GM1 treatment
[83]. Further research has determined that during car-
diac surgery the effect of gangliosides may be negligible.
A qualitative review of randomized clinical trials con-
cluded that the incidence of POCD did not differ
between GM1 patients and the control group. Intrave-
nous GM1 prior to cardiac surgery under cardiopulmo-
nary bypass resulted in no significantly different clinical
change scores for neurological cerebral, neurological
non-cerebral, and neuropsychological performance
changes [84].

In most studies of gangliosides, GM1 was used as a
neuroprotective agent, but there are other ways to sug-
gest that gangliosides as neuroprotectants. For example, a
study by Kharlamov et al. [85] of LIGA20, a lyso deriva-
tive of GM1, concluded that oral administration reduces
infarct size and the associated cognitive deficit after
cortical thrombosis in rats. Lipids might be best used as
a neuroprotective treatment method to prevent and
reduce neurological injuries rather than as a perioperative
therapy. For cardiac surgery, lipids use could be explored
in conjunction with another neuroprotective agent,

which can limit stroke and mortality outcomes and allow
patients to benefit from the preservation and improve-
ment of neurological biology provided by lipids.

Non-Pharmacological and Procedural
Neuroprotection in Cardiac Surgery

Non-pharmacological methods and procedural methods
are also being investigated for potential neuroprotection.
Depth of anesthesia is a potential mechanism mediating
surgical vulnerability and postoperative recovery. In
non-cardiac surgery, deeper anesthesia, treatment which
resulted in a lower bispectral index regimen, resulted in
significantly improved processing speed and comparable
working memory and verbal memory 4–6 weeks postop-
eratively in comparison to patients with a higher bispectral
index regimen [86]. However, a separate meta-analysis of
postoperative delirium found perioperative light anesthesia
to be associated with decreased incidence of delirium in
non-cardiac surgery. Concerns of publication bias were
mentioned, and the power analyses determine that the
sample size was inadequate for definite conclusion to be
drawn [87]. Although what level of anesthesia is optimal
for patients during surgery remains uncertain, basic moni-
toring of anesthesia depth provides an effective neuropro-
tective method. A study found that general
anesthesia surgical patients who had their bispectral index
data monitored were less likely to present with postopera-
tive delirium. Deep anesthesia, a value <20 on the bispec-
tral index scale, was independently predictive for increased
postoperative delirium. POCD was not associated with
bispectral index monitoring, although its incidence was
reduced [88].

The most predominant practice is the use of DHCA,
which decreases the cerebral metabolic O2 demand by
about 6% for each 1 °C change [89]. Hypothermia also
attenuates the body’s neuro-inflammatory response. Cir-
culatory arrest is usually carried out at a temperature
between 18 and 20 °C, and at 18 °C, the metabolic rate
is between 12% and 25% of the normal rate [90, 91].
During DHCA, there is increased production of neuronal
NO, which inhibits NO synthase and subsequently
reduces neuronal injury, but canine models have shown
that glutamate is also released during DHCA that can
contribute to secondary neuronal injury and neuronal
death [92]. Despite increased glutamate production,
hypothermia has been shown to improve neurological
outcomes and survival post cardiac arrest, thereby proving
to be an effective neuroprotectant against ischemic brain
injury through attenuation of excitotoxicity and other
mechanisms [93, 94]. The safe duration for DHCA is still
under study and complications can arise from both an
extended period of DHCA and the rewarming process.
HCA with on-pump CABG was identified as a risk factor
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for both intraoperative and postoperative stroke, which
mainly causes concerns about rewarming issues [95]. The
majority of patients can handle half an hour of circulatory
arrest at 18 °C without significant impairment with neu-
rological complications for 30, 45, and 60 min of DHCA
being 4%, 7.5%, and 10.7%, respectively [90, 91]. Surgery
duration is also a known risk factor for neurological out-
comes in cardiac surgery, which may compound DHCA
complications. Rewarming, if performed incorrectly, can
occasionally result in hyperthermia, which aggravates is-
chemic brain insults in animals andworsens neurocognitive
outcomes after bypass in humans [96–98].

Another non-pharmacological method of neuropro-
tection is the use of particle filters. These particle filters
aim to eliminate, or at least reduce, air microbubbles –
identified as a contributing factor for neuropsychological
disorders after CABG and risk factors for stroke and
encephalopathy. Research has shown particle filters to
be an effective method to reduce gaseous microemboli in
CABG [99, 100]. High-risk patients receiving intra-
aortic filtration during combined intracardiac and CABG
procedures in an international multicenter, randomized
trial demonstrated a significantly decreased time in the
intensive care unit, non-fatal stroke, and mortality. Intra-
aortic filters had a particulate embolus capture rate of
97%, and they could potential reduce the effect of gaseous
emboli by separating large bubbles into smaller, less
dangerous bubbles [101]. Moreover, particle filters have
also shown to improve neuropsychological performance
assessed through the Center for Epidemiologic Studies
Depression Scale and the Speilberg State and Trait Anxi-
ety Inventory tests post-CABG [100].

Conclusions

The risks involved with cardiac surgery could be reduced
with the use of an effective neuroprotective agent to help
avert stroke and encephalopathy, and the search for
neuroprotectants is still ongoing. There are methods and
agents that have been shown to be effective, but further
research is needed for most of them to become clinically
established methods of neuroprotection. Many of the
pharmacological agents presented here have shown con-
flicting results and would need further research in a
clinical setting, although ethical concerns may not allow
treating humans with unproven agents. Lidocaine, low-
dose magnesium, corticosteroids, beta-blockers, and
ACE inhibitors have proven neuroprotective capabilities
and deserved further study. Although ganglioside and
lipids in general lack major clinical evidence as neuropro-
tective agents, there may be a potential for them to be
used along with anesthetics or to be modified into other,
more effective, pharmaceutical agents. In regard to non-
pharmacological methods, DHCA is a valuable method
for neuroprotection, but care must be taken in limiting its
duration and effectively rewarming, while particle filters
and anesthetic monitoring should both be employed in
cardiac surgery. An overview of currently validated and
promising options can be seen in Fig. 1.
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