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Purpose of review

Perioperative cerebral injury can result in a wide range of clinical consequences from subtle cognitive
changes to devastating or fatal strokes. Although the overall incidence of perioperative stroke is low, the
large and growing number of aging patients undergoing surgery and anesthesia is placing an increasing
number of vulnerable patients at risk. The purpose of this review is to evaluate recent evidence concerning
the use of pharmacological and nonpharmacological strategies to protect against perioperative cerebral
injury.

Recent findings

Although a growing body of preclinical literature suggests that anesthetic agents such as barbiturates,
volatile anesthetics, and propofol might have neuroprotective properties, clinical evidence of long-term
benefit is lacking. Magnesium shows promise, although timing and dosing require clarification. Despite
some early promise, there is no strong evidence that erythropoietin is neuroprotective. Remote ischemic
preconditioning is the subject of intense study. It is noninvasive, cheap, and reasonably well tolerated and
shows promise as a preconditioning neuroprotective intervention. A recent development has been a focus
on the potential role of enhanced cardiorespiratory fitness in neuroprotection.

Summary

The evidence of benefit of current strategies remains sparse. Given the complex pathophysiology of
cerebral ischemia and hypoxia, a multimodal approach to neuroprotective strategies seems sensible. The
many variables and confounds associated with the clinical setting of patients, their comorbidities and
concurrent medications, pose challenges to translate from experimental studies to clinical practice.
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INTRODUCTION

There is a substantial risk of perioperative cerebral
injury in patients who undergo surgery and anes-
thesia. Among patients undergoing noncardiac,
non-neurosurgical, and noncarotid artery surgery,
the reported incidence varies from 0.05 to 7.4%. The
clinical consequences can vary from mild (subtle
cognitive deficits, which might still impact strongly
on quality of life) to severe (such as stroke resulting
in severe disability or death). The mortality associ-
ated with perioperative stroke (26%) is double that
associated with nonperioperative strokes [1]. More-
over, perioperative strokes increase the length of
hospital stay and cause a three-fold increase in 30-
day perioperative mortality rates. [2] These prob-
lems highlight the need for strategies to attenuate
or prevent perioperative cerebral injury.
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Definitions

In 2013, the Stroke Council of the American Heart
Association/American Stroke Association published
© 2015 Wolters Kluwer 
an updated definition of stroke. They defined a
central nervous system (CNS) infarction as follows:
‘CNS infarction is brain, spinal cord, or retinal cell
death attributable to ischemia, based on 1. Patho-
logical, imaging, or other objective evidence of
cerebral, spinal cord, or retinal focal ischemic injury
in a defined vascular distribution; or 2. Clinical
evidence of cerebral, spinal cord, or retinal focal
ischemic injury based on symptoms persisting
�24 h or until death, and other etiologies excluded’.
Ischemic stroke was thereby defined as ‘an episode
of neurological dysfunction caused by focal cerebral,
spinal, or retinal infarction’ [3].
Health, Inc. All rights reserved.
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KEY POINTS

� There is no strong overall evidence for the assumed
neuroprotective properties of barbiturates, volatile
anesthetics, and propofol.

� Magnesium appears to be a promising and well
tolerated neuroprotective agent, but questions remain
about timing and dose.

� RIPC is cheap, noninvasive, and well tolerated, but
further studies are required to confirm neuroprotective
efficacy.

� Although exercise to improve CRF is a promising
potential neuroprotective strategy, the current evidence
is weak.

Update on anesthetic neuroprotection Zwerus and Absalom
For many years, anesthetic and nonanesthetic
drugs have been studied for their possible neuro-
protective qualities. Recent literature contains a
vigorous discussion about the quality of previous
trials. One study used modern standards and guide-
lines to evaluate previous preclinical and clinical
literature, and concluded that the quality of the
studies was so poor that it was not possible to draw
conclusions on the potential neuroprotective
potential of the anesthetic and other drugs studied
[4

&

]. Bilotta et al. [5] reviewed randomized clinical
trials and concluded that although pharmacological
neuroprotective strategies may reduce the incidence
of new postoperative neurological or cognitive
deficits, no effects on mortality have been shown,
and further that the questionable caliber and small
number of trials do not justify any firm conclusions.

The discussion presented here will focus on
recent studies on this topic. The term ‘neuroprotec-
tion’ is used in a broad sense, to include adminis-
tration of a drug not only before or during an
(potential) ischemic episode (often called precondi-
tioning and perconditioning, respectively), but also
after a hypoxic/ischemic event (so-called postcon-
ditioning, but also sometimes referred to as ‘neuro-
resuscitation’). The purpose is to evaluate the recent
literature concerning the ability of anesthetic agents
and/or other strategies to attenuate perioperative
cerebral ischemic injuries.
ANESTHETIC AGENTS

Barbiturates

The aim of early neuroprotective strategies was to
reduce cerebral ATP requirements and thereby
enhance the brain’s ischemic tolerance time. Thio-
pental and other barbiturates were thus used to
 Copyright © 2015 Wolters Kluwe
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achieve electroencephalographic suppression and
maximally reduce ATP requirements. Analyses of
clinical trials performed in previous decades have
produced conflicting opinions and no conclusive
evidence of barbiturate neuroprotection [5]. The few
recently published studies still provide no clear
answers. Schwer et al. [6] demonstrated molecular
evidence that thiopental prevented hypoxic
neuronal death by reducing cerebral metabolism
and global protein synthesis, thereby helping main-
tain energy equilibrium in oxygen and nutrient-
deprived cells [6], but the clinical debate continues.

Among patients with type A acute aortic dissec-
tion, barbiturates were associated with neither a
reduction of permanent neurological dysfunction
nor a significant reduction of 30-day mortality [7]. A
recent review focused on studies published since the
1950s on barbiturate neuroprotection in the setting
of deep hypothermic circulatory arrest for cardiac or
aortic surgery [8]. Conflicting evidence was found.
Although it seemed clear that thiopental does lower
oxygen consumption when used as part of a neuro-
protective strategy, and that it may indeed have
overall beneficial effects, the timing of adminis-
tration of thiopental is important. Administration
too soon before circulatory arrest can have adverse
effects as it may be associated with depletion of
energy reserves and may cause hypotension and
ischemia prior to the induction of circulatory arrest
[8].

In a different setting (major elective abdominal
or thoracic surgery), Saporito and Sturini [9

&

] found
that induction of anesthesia with thiopentone sig-
nificantly increased the relative risk of postoperative
delirium when compared with propofol. In a retro-
spective study of adults with raised intracranial
pressure (ICP) caused by traumatic brain injury,
thiopental significantly reduced ICP, but to a lesser
extent than hypertonic saline [10]. Similarly, a
report of three children with raised ICP caused by
focal lesions showed that intraoperative and post-
operative administration of pentobarbital was
associated with reductions in ICP and brain swelling
[11]. However, as in the previously mentioned adult
study, nobeneficial effectsonoutcomeweredemons-
trated.

In summary, although barbiturates reduce
cerebral metabolism and may have temporary
benefits in specific circumstances, there is no clear
evidence of a favorable effect on outcome.
Volatile anesthetics

Many studies have investigated the ability of rou-
tinely used volatile anesthetic agents to attenuate
ischemic cerebral injury, and this has aroused great
r Health, Inc. All rights reserved.
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Drugs in anesthesia
interest in the topic. Recently, Deng et al. [12
&&

]
published a comprehensive review of studies from
the past decades on the neuroprotective effects of
several classes of gases and vapors. They found that
although preclinical studies provide strong evidence
of a neuroprotective effect of isoflurane and sevo-
flurane, clinical studies provide conflicting evidence
on their neuroprotective potential during surgical
interventions, especially when focusing on (long-
term) neurological outcome.

Numerous recent studies involving rodent
infarct models have shown promising results, with
sevoflurane preconditioning and postconditioning
being associated with reducing infarct volume and
improved neurological deficit scores [13–15]. Differ-
ent pathways and sites of action seem to be involved
and include beneficial effects on mitochondrial
processes [13,14], inhibition of carboxy-terminal
modulator protein [15], and activation of antioxi-
dant enzymes [16]. In a traumatic brain injury
rodent model, isoflurane administration before
and during controlled trauma was better than pro-
pofol at limiting secondary neuronal injury associ-
ated with cortical spreading depolarizations [17].
Baseline blood flow and plasma glucose levels were
also higher in the isoflurane group, suggesting better
metabolic conditions.

A systematical review comparing propofol and
volatile anesthetics (mostly sevoflurane and isoflur-
ane in combination with nitrous oxide) in patients
undergoing elective craniotomy showed that pro-
pofol maintenance of anesthesia is associated with a
significantly lower ICP and higher cerebral per-
fusion pressure, but not with better brain relaxation
scores [18]. Clinically, relevant outcomes such as
neurological morbidity and mortality were not
adequately evaluated in the studies reviewed.

Overall, the volatile anesthetics show promise as
neuroprotectant agents. Volatile agent adminis-
tration prior to an ischemic insult appears to induce
similar protective responses to that produced by
ischemic preconditioning (and also precondition-
ing associated with hyperoxia). Therefore, as in
studies of cardiac protection, further work on the
timing of exposure to volatile agent – to separately
assess the effects of preconditioning, continuous
inhalation, or postconditioning – deserves atten-
tion in future research, and should be followed by
studies of dose–effect relationships and eventually
also of long-term outcome.

Propofol
As for the barbiturates, proving the neuroprotective
effects of propofol in clinical studies has been diffi-
cult. Extensive recent laboratory investigations (in
particular, in-vitro and in-vivo rodent models) has,
 Copyright © 2015 Wolters Kluwer 
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however, revealed different potential molecular
pathways by which propofol may offer protection
against hypoxic damage. Results of these studies
suggest that the mechanisms of postconditioning
effect of propofol administered after cerebral ische-
mia/reperfusion injury was the result of increased
neuronal tolerance to hypoxia or improved recovery
[19–21], attenuated inflammatory reactions [22,23],
or reduced endoplasmic reticulum stress-induced
apoptosis [24]. Administration of a combination
of propofol and dexmedetomidine seems to have
a stronger neuroprotective effect in rats [25].

Strong clinical evidence of propofol neuropro-
tection has remained elusive. In a recent random-
ized clinical trial, the effect of propofol titrated to
burst suppression prior to and during temporary
clipping for intracranial aneurysm surgery, on
postoperative cognitive dysfunction, was assessed.
Cognitive dysfunction was defined as a decline of
the minimental state examination score to below
24. No difference was found between the propofol
and control groups, but it should be borne in mind
that the minimental state examination is a blunt
and insensitive tool for assessment of subtle cogni-
tive function changes [26].

In spite of the supportive nonclinical data, fur-
ther high-quality clinical trials are needed, to
attempt to determine optimal timing and dosing
of propofol administration and evaluate the neuro-
protective efficacy.
OTHER PHARMACEUTICALS

Remifentanil

A recent study in gerbils showed that the adminis-
tration during surgery of the potent short-acting
opioid remifentanil may provide neuroprotection
by suppressing apoptosis [27]. In a rat ischemia-
perfusion model, reductions in infarct volume and
improved neurological outcome were shown and
appeared to have been mediated by activation of
d-opioid receptors, reduced expression of tumor
necrosis factor-a, and suppression of extracellular
signal-regulated kinases 1/2 activity [28]. Another
group showed that remifentanil postconditioning
improved memory function after global cerebral
ischemia in rats via inhibition of neuronal apoptosis
(in the CA1 region of the hippocampus, in particu-
lar) via effects on the PI3K signaling pathway [29].
Nonetheless, recommendations for practical clinical
use cannot yet be made.

Magnesium
Several recent animal and human studies have
investigated the neuroprotective potential of
Health, Inc. All rights reserved.
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magnesium, a N-methyl-D-aspartate glutamate
receptor antagonist.

Intracarotid infusion of cold magnesium
solution after induction of ischemic injury in
rats resulted in reduced infarct volumes, decreased
brain water content, and improved neurological
outcome [30]. A laboratory study suggests that the
neuroprotective effects of magnesium might be
related to inhibition of L-type calcium channels
and nuclear factor-kB signaling thereby attenuating
microglial release of inflammatory mediators [31].

In humans, magnesium has been shown to have
neuroprotective efficacy during surgical procedures
associated with ischemia [e.g., coronary artery
bypass graft (CABG) and endarterectomy] and also
when administered after preterm neonatal hypoxia
[32

&

]. However, the benefits of magnesium in the
treatment of ischemic stroke and intracranial hem-
orrhages are not proven. The lack of evidence of
neuroprotective value of magnesium in ischemic
stroke might be explained by suboptimal timing
of treatment [33].

In a review of the literature on administration of
magnesium after aneurysmal subarachnoid hemor-
rhage, Golan et al. [34] concluded that although
magnesium reduces the risk of delayed cerebral
ischemia, it does not increase the probability of
good neurological outcome. A recent randomized
controlled trial showed no significant difference in
neurological outcome after cardiac surgery between
a group receiving a magnesium bolus and 3-h infu-
sion and a placebo group [35]. More promise has
been found in the setting of ischemic stroke. A
clinical trial performed by Afshari et al. [36]
suggested that treatment with magnesium within
the first 12 h after onset of acute ischemic stroke is
well tolerated and associated with improved
neurological outcome.

Comparisons among studies of magnesium are
confounded by heterogeneity in methodology, and
patient groups and outcomes studied.
Erythropoietin

Recently, neuroprotection has become a novel
potential indication for erythropoietin. Preclinical
data demonstrates neuroprotective properties and
has prompted some clinical research.

A pilot dose-finding study of darbepoetin-a
(a recombinant form of erythropoietin) adminis-
tered before descending aortic surgery showed
nonsignificant trends toward reductions in
neuronal injury biomarkers and improved neuro-
logical outcomes [37]. This study was, however,
terminated prematurely after publication of the
German Erythropoietin Stroke Study that raised
 Copyright © 2015 Wolters Kluwe
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safety concerns. The latter study showed excess
mortality associated with the administration of
erythropoietin in acute stroke patients, particularly
those who had been pretreated with thrombolysis
[38].

In 2013, Andropoulos et al. [39] conducted
a randomized pilot study to evaluate safety and
neurodevelopmental outcomes associated with
erythropoietin administration to neonates under-
going cardiac surgery. There were no safety concerns
and no significant differences in neurological
outcomes (the study was not powered to show
neurological outcome differences). An adult dose-
escalation study aimed to investigate the effect of
subcutaneous administration of human choriogo-
nadotropin-a followed by intravenous erythropoie-
tin to acute ischemic stroke patients. They claimed
safety, but found no difference in neurological
outcome, and this study was also underpowered,
having been terminated prematurely because of
slow recruitment [40]. At present, the use of eryth-
ropoietin to attenuate ischemic cerebral injury
cannot be recommended.
NONPHARMACOLOGICAL STRATEGIES

Ischemic preconditioning

IPC is a physiological mechanism by which suble-
thal exposure of an organ or tissue to ischemia
protects against a subsequent serious ischemia/
reperfusion insult. Just like the heart and kidneys,
the brain seems to be an important possible target
for therapeutic IPC. Preclinical studies have inves-
tigated the molecular pathways and possible inter-
cellular communications that might be involved in
the pathophysiology of ischemic stroke as possible
therapeutic targets for IPC. A recent review suggests
that IPC protects cerebral cells by decreasing mito-
chondrial permeability, increasing antioxidant
expression, enhancing DNA repair capacity, and
attenuating inflammatory damage [41]. Recently,
a modified form of IPC, remote ischemic precondi-
tioning (RIPC), has been proposed and studied.
Remote ischemic preconditioning

RIPC presents an interesting alternative to cerebral
preconditioning because it is less invasive and is
more practical in the clinical setting. Most com-
monly, brief episodes of ischemia are induced in
an arm or leg by inflation of a blood pressure or
tourniquet cuff to more than 200 or 30 mmHg above
systolic blood pressure for 5–10 min in two to five
cycles prior to the potentially injurious cerebral
ischemia. The majority of clinical studies on RIPC
r Health, Inc. All rights reserved.
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focus on cardiac protection, but there are promising
results for protection against ischemic brain injury.
Although there seems to be a sound scientific back-
ground for RIPC, demonstration of true clinical
beneficial effects remains elusive. At present, pub-
lished studies of RIPC for neuroprotection in vascu-
lar surgery have generally demonstrated reductions
in biomarkers for organ injury but were insuffi-
ciently powered to detect differences in clinical out-
comes [42].

The randomized controlled trial of Hougaard
et al. [43

&

] is interesting and particularly novel as it
evaluated prehospital remote ischemic percondi-
tioning as an adjunct therapy in patients with
acute ischemic stroke. Unfortunately, no beneficial
effects on penumbral salvage, infarct growth, final
infarct size, and clinical outcome were found.
However, after adjustment for baseline perfusion
and diffusion lesion severity, a further voxelwise
imaging analysis showed a significant overall
reduction of infarction. Remote ischemic precon-
ditioning and perconditioning appear to be feasible
and well tolerated interventions [43

&

,44], also in the
setting of unilateral middle cerebral arterial stenosis
[44].

Overall, RIPC is a noninvasive cheap and well
tolerated technique, which shows promise as a neu-
roprotective strategy. The results of two prospective
trials are eagerly awaited – the RIPCAGE study (RCT
on RIPC as neuroprotectant preceding coronary
artery bypass grafting) [45] and the ERICCA study
(effect of RIPC on clinical outcomes in patients
undergoing CABG and or valve surgery) [46].
Exercise

Cardiorespiratory fitness (CRF) is associated with
positive postoperative outcomes in several different
settings, and recent studies show that reduced pre-
operative CRF identifies patients at risk of mortality
and morbidity after elective major intra-abdominal
surgery [47,48

&

]. Another study has shown that
CRF is an independent predictor of both hospital
stay and mortality in patients undergoing major
hepatobiliary surgery [49]. These findings have
led to the hypothesis that physical exercise may
constitute a neuroprotective preconditioning
stimulus.

A review of recent studies (mostly in animals),
suggests that exercise (e.g., running on a treadmill),
on one hand, induces brain tolerance to ischemia
[50] and neuroprotection by attenuation of inflam-
matory responses, glutamate release, blood-brain
barrier dysfunction, and eventual neuronal apopto-
sis, and, on the other hand, promotes neurogenesis
and modulates vascular angiogenesis [50].
 Copyright © 2015 Wolters Kluwer 
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A systematic review by Austin et al. [51] included
animal and human studies and showed that aerobic
exercise as early poststroke therapy has beneficial
effects on short-term outcome including lesion vol-
ume, oxidative damage, apoptosis, and inflam-
mation. The pilot study performed by El-Tamawy
et al. [52] in humans showed that aerobic exercise
following acute ischemic stroke improves cognitive
performance and increases serum levels of brain-
derived neurotrophic factor.

Although a body of literature demonstrates
beneficial effects of exercise preconditioning in
animals, so far the volume of human evidence is
limited. Challenges to translational studies include
uncertainty about optimal timing, intensity, and
duration of exercise. It thus remains to be seen
whether clinical trials will confirm the beneficial
effects of preconditioning/postconditioning exer-
cise on outcome after ischemic stroke.
CONCLUSION

During the past few years, several well conducted
reviews have summarized decades of research on
possible neuroprotective effects of anesthetics and
other drugs. Available data indicates that a variety of
pharmacological and nonpharmacological strategies
might reduce preoperative ischemic brain injury.
Despite extensive promising data from experimental
studies, the implementation of neuroprotective strat-
egies in clinical practice shows disappointing results.
Probably translation of positive animal findings to
patients has been hampered by the associated clinical
comorbidity and concurrent medication of patients.
Given the complex pathophysiology of cerebral
ischemia, it is also unlikely that a single intervention
strategy will result in clinical relevant neuroprotec-
tion. Also timing and dosing of different therapeutic
strategies developed in animals probably do not
extrapolate well to humans in clinical settings. The
results of ongoing preconditioning studies on out-
come are eagerly awaited. We remain hopeful that
further research on pharmaceutical and nonpharma-
ceutical preconditioning and perconditioning strat-
egies will eventually provide practical and efficacious
neuroprotective tools.
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