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Abstract: We provide a summary of the 2010 literature pertinent
to the care of neurosurgical patients and those requiring
neurocritical care. In addition, we address topics in the basic
neurosciences as they relate to neuroanesthesiology. This review
incorporates studies not only from both neuroanesthesiology
and general anesthesiology-focused journals, but also from
neurology, neurosurgery, critical care, and internal medicine
journals and includes articles published after January 1, 2010,
through those available on-line by November 31, 2010. We will
review the broad categories of general neuroanesthesiology, with
particular emphasis on cerebral physiology and pharmacology,
intracranial hemorrhage, carotid artery disease, spine surgery,
traumatic brain injury, neuroprotection, and neurotoxicity.
When selecting articles for inclusion in this review, we gave
priority to those publications that had: (1) new or novel
information, (2) clinical utility, (3) a study design possessing
appropriate statistical power, and/or (4) meaningful, unambiguous conclusions.
Key Words: craniotomy, spine surgery, carotid endarterectomy,
traumatic brain injury, intracranial hemorrhage, subarachnoid
hemorrhage, neuroprotection
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come under discussion.2–5 Mashour et al6 performed a
survey of members of the Society of Neuroscience in
Anesthesiology and Critical Care residing in the United
States (n = 339) to assess attitudes and opinions with
regard to the need for accreditation of Neurosurgical
Anesthesiology and guidelines for neuroanesthesiology
fellowship training programs. Of the 134 respondents,
90% were from academic practices. Ninety percent of
respondents stated that their primary job was clinical
anesthesia (vs. primary research). Sixty-four percent of
respondents indicated support of accreditation. Over 80%
of respondents indicated that 1 year of fellowship training
in neuroanesthesiology would be optimal. In addition, the
top 5 factors which were considered to be important to a
neuroanesthesiology fellowship curriculum were (listed in
descending importance): (1) career development/mentorship, (2) neurocritical care, (3) intraoperative neuromonitoring, (4) neuroradiology, and (5) resident and medical
student teaching. These data can help guide the members of
Society of Neuroscience in Anesthesiology and Critical
Care and training program directors when structuring
neuroanesthesiology fellowship training programs. Such
structure and (possibly someday) accreditation are likely to
be critical for the future recruitment of highly qualiﬁed
physicians to neuroanesthesiology subspecialty training
fellowships. Reporting data from respondents, who did
not favor accreditation, may have proven interesting,
although this perspective was not included in the Mashour
et al6 report.

Accreditation
Currently, there is a trend among anesthesiology
subspecialties to seek accreditation by the Accreditation
Council for Graduate Medical Education (ACGME),
for standardization of fellowship training programs.
As recently as one decade ago, the only anesthesiology
subspecialties that oﬀered ACGME certiﬁcation were
pain medicine and critical care. During the ensuing years,
the ACGME instituted accreditation for adult cardiothoracic and pediatric anesthesiology. Regional anesthesiology,
a non-ACGME accredited subspecialty, has established
national guidelines for fellowship training.1 In this
context, accreditation and standardization of neuroanesthesiology fellowship training programs have again
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Clinical Trends
Understanding the trends in neurosurgical procedures and utilization is critical to both the training and
allocation of anesthesia providers. Hughey et al7 analyzed
neurosurgical utilization data from the Nationwide
Inpatient Sample8 (a hospital discharge database used
to track trends in healthcare) for the interval 1993 to
2007. In 2007, the most common neurosurgical procedure
was spinal fusion, accounting for 54% of registered
procedures, although it was not discernible whether these
procedures were performed by neurosurgeons or orthopedic surgeons (a mix of providers seems likely). Spinal
fusion also had the highest absolute growth rate over the
study period (54,000 registered procedures in 1993 to
350,000 in 2007), with the rate of growth during the last 5
years at 14%. Although endovascular procedures of the
head and neck (including carotid stenting) were the
second most common procedure performed (accounting
for 20% of neurosurgical procedures overall with 116,000
procedures registered in 2007), this procedure experienced
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a slight decrease over the last 5 years. Intracranial
endovascular procedures (including aneurysm coiling
and arteriovenous malformation embolization) had the
highest rate of growth in the last 5 years (29%); however,
only 849 procedures were registered in the database in
2007. Craniotomy performed for vascular disorders
exhibited a slight decrease (4.2%) over the 15-year study
period, but craniotomy performed for tumor resection
(71,000 procedures performed in 2007) showed a steady
2.3% increase over the study period. The investigators
hypothesize that this latter ﬁnding is due to an increase in
the prevalence of brain cancer in the United States.9
Craniotomy performed for nonvascular, nontumor purposes (56,000 procedures registered in 2007) showed a
4.0% increase in the last 5 years. Collectively, 75,000
craniotomy procedures were registered in the database in
2007. Shunt procedures for hydrocephalus had a steady
growth over the 15-year study period (1.3%) but showed
a 6.6% reduction in the number or registered procedures
over the last 5 years, possibly due to endoscopic
alternatives to mechanical shunts for treatment of
obstructive hydrocephalus. Deep brain stimulator (DBS)
placement increased 12% over the entire study period
with only a small increase (0.6%) over the last 5 years.
This latter ﬁnding was surprising, given the apparent
increase in publications in the medical and public
literature and media addressing DBSs. As such, although
craniotomy procedures are still commonly performed,
spinal fusion and endovascular procedures of the head
and neck represent the greatest number of neurosurgical
(or neurosurgical-like) cases performed in 2007.
Although implantation of DBSs represent a small
fraction of neurosurgical procedures, this technique oﬀers
promise for the treatment of Parkinson disease, essential
tremor, and depression in patients for whom medical
therapy has failed. However, there are few published data
on the long-term impact of DBS in patients with
advanced Parkinson disease. Williams et al10 reported
results from the PD SURG trial, which included patients
for whom medical therapy was failing. Study patients
were randomized to either receive continued “best”
medical therapy alone (n = 183) or DBS implantation
in addition to best medical therapy (n = 183). The
primary outcome measure was score on the 39-item
Parkinson disease questionnaire (PDQ-39), the most
widely-used patient-reported rating scale for assessment
of the severity of Parkinson disease.11–13 The PDQ-39
assesses functional performance (eg, mobility, communication, performance of activities of daily living),
cognition, discomfort, and psychological factors (eg,
emotional well-being, stigma, social support) on a scale
of 0 (no deﬁcit) to 100 (most severely aﬀected by
Parkinson disease). As such, a decrease in score represents
improvement in condition. Mean PDQ-39 scores at
baseline were 37.5 ± 14.6 and 38.7 ± 13.7 (mean ± SD)
in the surgery and medical management groups, respectively. At 1 year, scores were 32.5 ± 15.8 and 38.1 ± 13.5,
respectively, representing a mean improvement of 5.6
[95% conﬁdence interval (CI), 2.4-8.9; P = 0.0008] points
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in patients who underwent surgery. Improvement was
most signiﬁcant in mobility, performance of activities of
daily living, feelings of the social stigma from Parkinson
disease, and bodily discomfort. No signiﬁcant improvement in emotional well-being, social support, cognition,
or communication was noted. Adverse events were more
common in the surgery group: 96 events occurred in 65
patients (36% of patients) versus 29 events occurring in
26 patients (14% of patients) in the medical therapy
group. Surgery-related events were infection (16 events),
intracranial hemorrhage (4 events with 1 fatality), postoperative confusion (5 events), and urinary retention (4
events). In addition, there were 3 deaths during the study
period: 1 due to hemorrhage and 1 due to pneumonia in
the surgery group, and 1 stroke in the medical management group. One unsuccessful suicide attempt occurred in
the surgery group. On balance, DBS implantation seems
to oﬀer beneﬁts to patients with medically intractable
Parkinson disease. However, this procedure is not without risks. We refer interested readers to a 2010 article in
the New England Journal of Medicine by Follett et al14 in
which 299 patients with severe Parkinson disease were
randomized to receive stimulator lead placement into
either the globus pallidus or the subthalamic nucleus.
Although the groups did not diﬀer in the degree of overall
improvement of symptoms (P = 0.50), those who received subthalamic stimulation: (1) required a lower dose
of additional anti-Parkinson medications to provide
optimal symptom control, but (2) had greater worsening
of visuomotor processing speed (P = 0.03), and (3) had
worsened depression while those who had pallidal
stimulation had improved depression scores (P = 0.02).
There was no diﬀerence in serious adverse events between
groups.
Airway management in acromegalic patients can be
complicated by macroglossia, prognathism, and hypertrophy of pharyngeal and laryngeal tissues, making mask
ﬁt, mask ventilation, laryngoscopy, and correct tracheal
tube placement diﬃcult. Although no method of airway
assessment is fool-proof for predicting the diﬃcult
airway, one of the most commonly accepted assessment
techniques is the Mallampati classiﬁcation,15 which is
based on the anatomic structures visualized when patients
open their mouths. The 4 Mallampati classes are: class I,
full visibility of soft palate, tonsils, and uvula; class II,
visibility of soft palate but only the upper portion of the
tonsils and uvula; class III, only soft palate and base of
the uvula are visualized; and class IV, only the hard palate
is visualized. A Mallampati class of III or IV is predictive
of airway management diﬃculty in acromegalics.16 An
alternate airway assessment modality is the upper lip bite
test (ULBT) in which a patient is asked to cover the
vermillion of the upper lip with the lower incisors.17 The
ULBT has 3 grades: grade 1, ability of lower incisors to
fully cover the upper lip and extend superior to the
vermillion border; grade 2, lower incisors can bite the
upper lip but only inferior to the vermillion border; and
grade 3, lower incisors are not able to bite the upper lip at
all. A higher grade can be predictive of airway management
r
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diﬃculty, although this technique has not been validated
in acromegalic patients. Sharma et al18 prospectively
assessed both Mallampati score and ULBT in 127
patients undergoing pituitary surgery, of which 64
patients had acromegaly. Two patients in the acromegaly
group underwent elective awake ﬁberoptic intubation and
were excluded from data analysis. In the remaining
patients, the Cormack and Lehane grade, at the time of
laryngoscopy, was used to deﬁne diﬃculty with laryngoscopy. There are 4 Cormack and Lehane grades: grade 1,
most of glottis visualized; grade 2, only posterior portion
of the glottis is visualized; grade 3, only epiglottis but no
glottic structures are visualized; and grade 4, neither
epiglottis nor the glottis is visualized. Patients with a
Cormack and Lehane grade 3 or 4 were considered to
pose diﬃculty with laryngoscopy. Tracheal intubation
was considered diﬃcult if more than 2 attempts were
required involving use of other equipment (eg, laryngoscope blade change, bougie, ﬁberoptic bronchoscope).
Airway assessment and management data from the
Sharma et al research are given in Table 1. Thirty-eight
(61%) and 9 (14%) acromegalics had an airway assessment predicting airway management diﬃculty based on
the Mallampati score (III or IV = diﬃcult) or ULBT
(grade 3 = diﬃcult), respectively. Twenty-three (37%)
and 12 (19%) non-acromegalics had an airway assessment
predicting airway management diﬃculty based on the
Mallampati score or ULBT, respectively. However, upon
direct laryngoscopy, signiﬁcantly more patients in the
acromegaly group [15 (24%)] had a Cormack and Lehane
grade view of Z3 versus the non-acromegaly group [6
(10%); P = 0.01]. Diﬃculty with tracheal tube placement
was encountered in 7 (11%) and in 2 (3%) acromegalics
and non-acromegalics, respectively (P = 0.10). For the
Mallampati system, the sensitivity and speciﬁcity for predicting a diﬃcult airway was 67% and 40% in acromegalics and 83% and 68% in non-acromegalics. The
sensitivity and speciﬁcity of the ULBT at predicting
airway management diﬃculty was 27% and 89% in
acromegalics and 67% and 86% in non-acromegalics.
The area under the receiver operating characteristic curve
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for Mallampati class was 0.581 and 0.765 in acromegalics
and non-acromegalics, respectively, and for ULBT was
0.535 and 0.759 in acromegalics and non-acromegalics,
respectively, indicating that both Mallampati Scoring and
ULBT are less predictive of airway diﬃculty in acromegalics versus non-acromegalics.

Physiology
Endoscopically facilitated neurosurgical procedures
oﬀer a minimally invasive option for biopsy and resection
of cysts and masses in the ventricular system and an
alternative to ventriculoperitoneal shunting for the treatment of obstructive hydrocephalus (eg, third ventriculostomy, aqueductoplasty, aqueductal stenting).19 Major
concerns with neuroendoscopic procedures are the intraoperative and postoperative complications. Cardiac arrhythmia and hemodynamic changes are most common, but
cranial nerve dysfunction and intracranial hemorrhage can
also occur.20 These cardiac and hemodynamic changes have
been attributed to changes in intracranial pressure (ICP),
possibly due to temporary obstruction of the outﬂow of
irrigation ﬂuid through the neuroendoscope.21,22 To conﬁrm that the pressure recorded by the neuroendoscope
correlates with ICP, Salvador et al23 measure both epidural
pressure and the pressure transduced from the irrigating
lumen of the neuroendoscope in 17 patients having
neuroendoscopic procedures. The epidural pressure was
measured by a transducer placed in the epidural space
within the same burr hole used for the endoscopic
procedure, and the epidural transducer was placed before
dural opening for advancement of the endoscope. Of all
data from all patients, the Pearson correlation coeﬃcient
was 0.59 (P = 0.001), suggesting moderate agreement. Lin
concordance coeﬃcients were calculated for epidural versus
neuroendoscopic pressures. This analysis is used to assess
the extent to which the correlation between 2 parameters
deviates from the line originating at the origin (0,0) with a
slope of 1. Lin coeﬃcients exist in the range of 0 (no
correlation) to 1 (perfect correlation). A Lin coeﬃcient
>0.5 occurred in 9 (53%) of patients. Of all data in all
patients, the Lin coeﬃcient was 0.58 (CI, 0.577-0.592), also

TABLE 1. Airway Assessment and Management Data From Patients Having Pituitary Surgery Stratified Based on the Presence
or Absence of Acromegaly
Acromegaly Group (n = 62)
Mallampati class
I or II
III or IV
Upper lip bite test grade
1 or 2
3
Diﬃcult airway management

Non-acromegaly Group (n = 63)

CL 1 or 2

CL 3 or 4

CL 1 or 2

CL 3 or 4

19
28

5
10

39
18

1
5

42
5

11
4

49
8

2
4

7

2

Data represents the number of patients in each group.
See manuscript text for the description of the classiﬁcation systems.
Diﬃcult airway management refers to the number of patients in each group in whom correct placement of the tracheal tube required >2 attempts and required
a change of technique such as laryngoscope blade change, use of a bougie, or ﬁberoptic devices.
Adapted with permission from J Neurosurg Anesthesiol. 2010;22:138–143.
CL indicates Cormack and Lehane grade.
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suggesting moderate correlation. The agreement between
the 2 pressures became more divergent at higher epidural
pressures. Epidural pressure was higher than the pressure
measured from the endoscope in 15 patients (88%).
As such, the pressure transduced from the inﬂow port on
the neuroendoscope may be useful for following trends,
but in most circumstances this pressure is lower than the
epidural pressure. Of note, the ability of inﬂow port
pressures to predict absolute, or trends in, epidural
pressures may become even less reliable at higher epidural
pressure values.
Head-up positioning, including the sitting position,
is used for procedures other than neurosurgery (eg,
shoulder surgery). Cases of cerebral ischemia have been
reported in non-neurosurgical patients during head-up
positioning, and this ﬁnding was attributed to cerebral
hypoperfusion secondary to reduced cerebral perfusion
pressure (CPP), although some emphasize that global
CCP may not be the only driving force of cerebral blood
ﬂow (CBF).24–28 Currently, it is unclear whether changes
in posture inﬂuence cerebral perfusion enough to lead to a
stroke. Murphy et al29 studied changes in regional
cerebral oxygen saturation (rSO2) [by near-infrared
spectroscopy with the FORE-SIGHT system (CAS
Medical Systems, Inc., Bradford, CT)] during positioning
in 124 patients having shoulder surgery by a standardized
anesthetic in either the beach-chair or lateral decubitus
position. Operative position was determined by surgeon
preference. Although the anesthesia team was blinded to
the rSO2 values (only directly observed by a research
assistant), if a cerebral desaturation event (deﬁned as a
decrease in rSO2 by >20% of baseline value or a
decrease to < 55% for >15 s) occurred, then the
anesthesia team was instructed to treat the event by
performing at least one of the following: (1) increase
systemic blood pressure, (2) increase end-expired CO2 by
decreasing minute ventilation, or (3) increase the fraction
of inspired oxygen. Although there was no diﬀerence in
heart rate or blood pressure between groups during
position change, a signiﬁcantly greater number of patients
in the sitting position group (80%) developed cerebral
desaturation events during positioning compared with the
lateral position group (0%; P < 0.0001). Blood pressure
was measured by an automated blood pressure cuﬀ,
obtained from the nonoperative arm, and without
correction for vertical distance between the arm and the
external auditory meatus (ie, the presumed level of the
circle of Willis). No patient awoke from anesthesia with a
new neurological deﬁcit. These data suggests that cerebral
hypoperfusion, when going from supine to sitting
position, is common and may be, in part, independent
of systemic blood pressure. It would have been interesting
if the investigators had performed a correlation analysis
between change in systemic blood pressure and change in
cerebral rSO2 accompanying the change from supine to
sitting position. Further, although the investigators
provided some data on the cerebral desaturation events,
it was diﬃcult for the reader to appreciate the nature and
time course of these events (eg, the duration in the sitting
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position after which the event occurred, the duration of
the events, and the number of events per patient).
In addition to the risk of cerebral hypoperfusion,
the sitting position, when used for open intracranial
procedures, predisposes to pneumocephalus. The incidence of pneumocephalus can be as high as 100%;
however, currently available data do not describe the
characteristics of the supratentorial component of air.
Sloan30 reported a retrospective analysis of data derived
from 95 patients having intracranial procedures performed in the sitting position, in whom postoperative
cranial imaging was performed. Supratentorial pneumocephalus was identiﬁed in 40 patients (42%) on imaging
performed within 4 hours of surgery with an estimated
volume range of 6 to 280 cm3. There was no signiﬁcant
diﬀerence in the incidence of air or estimated air volume
between patients with or without either a ventriculoperitoneal shunt or an external ventricular drain (some have
attributed the development of postoperative pneumocephalus to the presence of these devices31,32). Speciﬁcally,
the incidence and volume of air was 42% and 87 ± 91 cm3
in patients with either a shunt or a drain and 42% and
71 ± 79 cm3 in patients without either of these devices
(P>0.05 for both comparisons). No measurable pneumocephalus was noted in patients in whom surgery lasted
r4 hours. No patient required postoperative surgical
release of air; however, several patients were obtunded in
the recovery room (number not stated). Head imaging
was obtained on 5 patients on multiple days after surgery.
Overall, there was a 24% reduction in air volume in the
ﬁrst day with a mean half-life of 1.5 days for the decrease
in air volume. On the basis of these data, supratentorial
air would be predicted to be less than 0.5 cm3 within 13
days. This research determined that supratentorial air is
common after intracranial procedures performed in the
sitting position and may account for altered mental status
postoperatively.
Cerebral autoregulation and the responsiveness of
the cerebral vasculature to changes in the partial pressure
carbon dioxide in arterial blood (PaCO2) are important
homeostatic mechanisms for the regulation of CBF.
Induced changes in blood pressure and PaCO2 will have
diﬀerent eﬀects on the cerebral vasculature depending on
the baseline functional status of brain physiology. Both
CBF autoregulation and the responsiveness to changes in
PaCO2 can be attenuated by the presence of a brain
tumors33,34; however, whether the integrity of these
systems is restored after tumor resection remains to be
elucidated. Accordingly, Sharma et al35 evaluated the
eﬀect of tumor resection on parameters thought to be
reﬂective of autoregulation of CBF and responsiveness to
PaCO2 in 35 patients having supratentorial tumor
resection. Cerebrovascular responsivity to blood pressure
changes was assessed by the transient hyperemic response
when the ipsilateral common carotid artery is compressed
for 10 s and then released while simultaneously assessing
changes in middle cerebral artery blood ﬂow velocity
(Vmca) by transcranial Doppler sonography (TCD). The
transient hyperemic response ratio (THRR) was then
r
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calculated as the Vmca after the release of compression
divided by the Vmca before compression. Under normal
conditions (ie, intact autoregulation), the THRR has the
value 1.35 ± 0.09 as one would expect an increase in
Vmca after the release of compression due to the presence
of compression-induced cerebral vasodilation.36 To assess
reactivity to changes in PaCO2, patients were asked to
spontaneously hyperventilate to achieve a 10 mm Hg
decrease in PaCO2 and CO2 reactivity was estimated by:
100  ð100  Vmcaf = VmcaiÞ = ðPaCO2 i  PaCO2 fÞ
where Vmcai and Vmcaf are the Vmca values obtained
before and after hyperventilation, respectively, and
PaCO2i and PaCO2f are values of PaCO2 obtained
before and after hyperventilation, respectively. A normal
value for CO2 reactivity assessed by this method is
2.74 ± 1.0%/mmHg.37 The investigators found no diﬀerence between preoperative and postoperative (obtained 6
to 24 h after resection) THRR (1.27 ± 0.10 vs.
1.30 ± 0.12 for preoperative and postoperative values,
respectively; P = 0.11) or the calculated reactivity of the
cerebral vasculature to changes in CO2 (3.41 ± 0.46%/
mm Hg vs. 3.60 ± 0.63%/mm Hg for preoperative and
postoperative values, respectively; P = 0.07). Seven patients (20%) had impaired blood pressure reactivity
before surgery. Although the investigators did not specify
the THRR cutoﬀ criteria to deﬁne impairment, these 7
patient all had impairment of blood pressure reactivity
postoperatively (THRR preoperative and postoperative
were 1.07 ± 0.02 vs. 1.06 ± 0.01, respectively; P = 0.18)
but intact reactivity to CO2 (3.39 ± 0.49%/mm Hg vs.
3.67 ± 0.24%/mm Hg for preoperative and postoperative
values, respectively; P = 0.17). Although the investigators
also did not report the criteria used to deﬁne impairment
of CO2 reactivity, when comparing patients with and
without impairment of blood pressure reactivity, the only
2 factors associated with impairment were a larger tumor
size (100 ± 32 cm3 vs. 40 ± 8 cm3; P = 0.002) and midline
shift>5 mm (the percentage of patients having blood
pressure reactivity impairment with midline shift >5 mm
was 100% vs. 15% in those with a lesser or no midline shift;
P < 0.001); however, impairment was not associated with
age, sex, the presence of peritumoral edema, or tumor type.
We refer readers interested in these types of clinical
measurements to a pilot investigation by Klein et al38 that
showed the utility of a novel device for intraoperative
monitoring of the cerebral microcirculation. The O2C
device (oxygen-to-see device, LEA Medizintechnik, Giessen, Germany) allows for the simultaneous assessment of
surrogate parameters of the cerebral microcirculation such
as regional capillary venous blood ﬂow, rSO2, and regional
hemoglobin concentration (based on photospectrometry
and laser Doppler ﬂowmetry measurements).
Although PaCO2 is an important factor modulating
cerebral vascular resistance, monitoring of end-expired
(tidal) carbon dioxide (ETCO2) is often used intraoperatively as a surrogate marker of PaCO2. Although changes
in minute ventilation are used to control ETCO2, and thus
r
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PaCO2, cardiac output variations can impact the relationship between ETCO2 and PaCO2. Cardiac output may
correlate with systemic blood pressure during general
anesthesia, but the true nature of the relationship between
arterial blood pressure and the gradient between PaCO2
and ETCO2 is not well understood. Luostarinen et al39
reported a prospective analysis of the relation between
blood pressure and PaCO2 to ETCO2 gradient in 72
patients having craniotomy. Blood pressure was obtained
before induction of anesthesia and then again just before
placement of pinions, at which point both PaCO2 and
ETCO2 were measured. Blood pressure decrease was
stratiﬁed based on the percentage decrease in blood
pressure before pinion placement, using 4 categories:
< 20%, 20% to 29%, 30% to 35%, and >35% decrease.
Although there was no diﬀerence in ETCO2 among groups
(31.6 ± 3.7 mm Hg, 31.2 ± 2.9 mm Hg, 31.7 ± 3.7 mm Hg,
and 32.3 ± 2.9 mm Hg, respectively; P = 0.811) during
the conduct of the study, PaCO2 was signiﬁcantly higher
with greater decreases in blood pressure from baseline
awake values (35.7 ± 4.5 mm Hg, 36.3 ± 3.8 mm Hg,
38.0 ± 4.4 mm Hg, and 39.3 ± 2.8 mm Hg, respectively;
P = 0.036) despite no diﬀerences in other perioperative
factors, such as demographics, comorbid conditions,
ventilatory parameters, anesthetic drug doses, or indication
for craniotomy. As such, signiﬁcant changes in arterial
blood pressure during general anesthesia may reduce the
reliability of ETCO2 as a surrogate marker for PaCO2.
The extent of cyclic variation in blood pressure
relative to positive pressure breaths has been used as a
metric of intravascular volume status with greater variation
indicating hypovolemia.40–42 Qiao et al43 evaluated the
correlation between systolic blood pressure variation
(SPV), pulse pressure variation (PPV), and central venous
pressure (CVP), with stroke volume variation (SVV) using
a Vigileo Flo-Trac system (Edwards Lifesciences, Irvine,
CA) in 26 patients having craniotomy. The Flo-Trac
Vigileo system applies a proprietary algorithm to the
contour of the arterial blood pressure waveform to estimate
cardiac stroke volume. After induction of anesthesia and
hemodynamic stabilization, all patients received an intravenous infusion of 6% hydroxyethyl starch at 30 mL/kg/h
for 60 minutes to assess responsiveness of the study
parameters to changes in intravascular volume status.
There was good correlation between SPV expressed in mm
Hg (r2 = 0.76; P < 0.001), SPV expressed as percentage of
mean systolic blood pressure (r2 = 0.80; P < 0.001), and
PPV expressed as a percentage of mean pulse pressure
(r2 = 0.77; P < 0.001) with estimated cardiac stroke
volume. Formulas used to calculate these parameters were:
1. SPV (mm Hg) = SBPmax  SBPmin, where SBPmax
indicates maximum systolic blood pressure and
SBPmin indicates minimum systolic blood pressure
associated with the respiratory cycle.
2. SPV (%) = 200  (SBPmax  SBPmin)/(SBPmax+SBPmin),
3. PPV (%) = 200  (PPmax  PPmin)/(PPmax+PPmin) where
PPmax and PPmin represent maximum and minimum
pulse pressure, respectively, associated with the
respiratory cycle.
www.jnsa.com |
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Although there was a signiﬁcant correlation found
between each measured parameter and the volume of
ﬂuid administered intravenously, there was a great deal
of variability in speciﬁc measurements at each increment
of ﬂuid administered, probably reﬂecting individual
diﬀerences in baseline ﬂuid status (Fig. 1). Using SVV
as a gold standard, receiver operating characteristic curve
analysis yielded an area under the curve of 0.937 (CI,
0.899-0.975) for SPV (%), 0.938 (CI, 0.901-0.974) for SPV
(mm Hg), and 0.943 (CI, 0.907-0.909) for PPV (%). There
were no signiﬁcant diﬀerences in the area under the
receiver operating characteristic curve among these
variables (P = 0.110). In addition, sensitivities and
speciﬁcities of SPV (%), SPV (mm Hg), and PPV (%)
for predicting SVV (%) were above 80% for all 3
variables. As such, SPV and PPV are both strongly
predictive of SVV, suggesting that standard arterial blood
pressure monitoring by an arterial catheter and pressure
transducer can be a good substitute for the more
expensive Flo-Trac Vigileo monitor. However, we were
20

Kendall’s correlation
coefficient: 0.754, P<0.001*

Electrophysiologic Monitoring
Monitoring the status and integrity of the nervous
system has become a common practice in a wide variety
of surgical procedures. Examples include evoked potential monitoring during spine surgery, electromyography
and brainstem auditory evoked potential monitoring
during skull base surgery, and electroencephalography
during carotid endarterectomy (CEA). Although monitoring the integrity of the primary motor pathway (ie, the
corticospinal tract) has been commonly used during spine
surgery, other types of surgical procedures pose risks to
this extremely important pathway. Cerebral aneurysm
clipping can put this tract in jeopardy by a variety of
mechanisms including inappropriate clip placement on an
artery supplying the neurons of the corticospinal tract (ie,
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surprised that the investigators did not report the
comparison of these variables to CVP, as CVP was
measured in this study and is often considered a standard
for assessing trends in intravascular ﬂuid volume.
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FIGURE 1. The correlation between graded fluid loading and hemodynamic variables. A, CVP (mm Hg); (B) SPV (%); (C) SPV
(mm Hg); (D) PPV (%); and (E) SVV (%). During surgery, increasing amounts of fluid were infused, shown on the x axis, with
simultaneous measurement of the variables, which are shown on the y axis of separate panels. CVP indicates central venous
pressure; PPV, pulse pressure variation; SPV, systolic pressure variation; SVV, stroke volume variation. Adapted with permission
from J Neurosurg Anesthesiol. 2010;22:316–322.
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middle cerebral artery, anterior cerebral artery, anterior
choroidal artery, lenticulostriate artery) or disruption of
perforating arteries which supply this tract, most commonly seen during basilar tip aneurysm clipping (as the
pontine segment of the corticospinal tract is supplied by
small arteries derived directly oﬀ the basilar artery).44–47
The true sensitivity of intraoperative motor-evoked
potential monitoring for reducing the risk of postoperative motor deﬁcits in this setting is in need of
further elucidation. Irie et al48 reported on the outcome in
111 patients after cerebral aneurysm clipping with
intraoperative motor-evoked potential monitoring. Monitoring was conducted by cutaneous electrical stimulation
of the scalp, with recording in the thenar and adductor
pollicis muscles bilaterally during a total intravenous
anesthetic. Ninety-eight patients had no signiﬁcant
changes in evoked potential tracings, although 1 patient
later developed low-density areas on postoperative
computed tomographic (CT) scans of the head. Six
patients, 4 of whom had aneurysms involving the anterior
choroidal artery, developed evoked potential changes
consistent with ischemia. In 4 of these 6 patients, the
waveform returned to baseline within 5 minutes after clip
adjustment. In one patient, recovery of signals took 50
minutes, and in the remaining patient the signals never
recovered to baseline. Postoperative neurological deﬁcits
were noted in these last 2 patients. Another 6 patients had
postoperative neurological deﬁcits despite a lack of
change in intraoperative motor-evoked potential. Five
patients were undergoing treatment of middle cerebral
artery aneurysms, and 1 had an anterior choroidal artery
aneurysm. In 4 of these 6 patients, a motor deﬁcit was
apparent immediately upon emergence from anesthesia.
In distinction, in the remaining 2 patients, a deﬁcit
developed over the course of 5 hours after emergence. It is
worrisome that motor-evoked potential monitoring was
unable to predict a deﬁcit in 6 of 111 patients (5%) having
cerebral aneurysm clipping and, overall monitoring had a
disturbing rate of false positives and false negatives for
adverse neurological outcomes. The investigators did not
speculate on a mechanism that might account for these
ﬁndings.
The application of a tetanic stimulus to a peripheral
nerve before acquisition of motor-evoked potentials
enhances the motor-evoked potential waveform and
compensates for some of the suppressant eﬀects of
anesthetics.49 Repetitive tetanic stimuli can lead to fatigue
of muscles and a decrease in motor responses,50 although
the duration of potentiation was previously unknown.
Yamamoto et al51 evaluated posttetanic motor-evoked
potential recording in patients having spine surgery to
determine the impact of fatigue and the duration of
potentiation. Posttetanic motor-evoked potentials were
elicited by applying a 50 mA tetanic stimulus for 5 s to the
posterior tibial nerve immediately after which a transcranial electric stimulation was performed and responses
were recorded in the contralateral abductor hallucis
muscle during a standardized anesthetic consisting of
infused propofol and fentanyl. To determine whether
r

2011 Lippincott Williams & Wilkins

Neuroanesthesiology Update 2010

there was a degradation of responses with multiple
stimuli, posttetanic motor-evoked responses were elicited
10 times with an interval of 10 s or 60 s between each
stimulation. Although no suppression of subsequent
waveforms was found with a 60 s delay between stimuli,
when a delay of only 10 s was allowed, a signiﬁcant
decrease in recorded waveform intensity was noted after 8
stimulation cycles, with a maximum decrease to about
60% of initial response after 10 stimuli. In a second
experiment, a standard motor-evoked potential was
conducted with a variable amount of delay after a
posttetanic motor-evoked potential. Amplitudes of standard motor-evoked potentials were increased if the delay
after a posttetanic potential was < 120 s. As such,
posttetanic motor-evoked potential waveforms can be
aﬀected by rapid and frequent stimulation cycles and may
inﬂuence subsequent standard motor-evoked potential
recordings if at least 120 s is not allowed to pass to allow
for recovery from the posttetanic state. This posttetanic
technique oﬀers promise to compensate for the suppressant eﬀects of anesthetic agents on motor-evoked
potential recordings; however, further study will be
required to determine the reliability of this technique
for detecting intraoperative motor tract compromise.
Patients with intracranial lesions in close proximity
to eloquent regions of cerebral cortex have often undergone awake cortical mapping, during surgical resection,
to minimize the risk of developing a signiﬁcant neurological deﬁcit. When only motor, and not language, testing
is required, patients may undergo resection under general
anesthesia in conjunction with direct electrical stimulation of the cortex and assessment of gross motor
function.52 Although many anesthesiologists have reported on sedation techniques for “awake” craniotomy,
there is a paucity of literature describing anesthetic
techniques that allow for successful motor mapping
during general anesthesia. Conte et al53 reported on their
experience with intraoperative cortical mapping. During
the period of 2005 to 2008, patients at their institution underwent awake craniotomy if language assessment was required (n = 135) and “asleep” craniotomy
if intraoperative mapping only involved identiﬁcation of
the motor cortex (n = 103). All procedures were performed with an infused propofol-remifentanil anesthetic
and without neuromuscular blocking drugs. For awake
craniotomies, the mean propofol and remifentanil doses
were 125 ± 35 mg/kg/min and 0.11 ± 0.03 mg/kg/min during surgical opening; however, only remifentanil was
administered during mapping and closure at doses of
0.05 ± 0.03 mg/kg/min and 0.07 ± 0.06 mg/kg/min, respectively. For asleep mapping, propofol and remifentanil
doses were 107 ± 30 mg/kg/min and 0.11 ± 0.08 mg/kg/
min during opening, 63 ± 28 mg/kg/min and 0.11 ±
0.05 mg/kg/min during mapping, and 93 ± 30 mg/kg/min
and 0.11 ± 0.09 mg/kg/min during closure, respectively.
Median bispectral index was 41 (range, 22 to 64), 55
(range, 20 to 82), and 48 (range, 23 to 73) during the
maintenance portions of opening, mapping, and closure
in this group. The investigators reported a signiﬁcantly
www.jnsa.com |
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lower intraprocedural complication rate in patients who
underwent asleep mapping (41%) versus those having
awake mapping (57%) (P < 0.01), although many intraprocedure complications in the asleep group were
precluded by general anesthesia. The most common
complications noted in the asleep group were: seizures
(31%), hypotension (5%), and hypertension (3%). In the
awake group, the common complications were: hypertension (27%), seizures (16%), hypotension (10%), vomiting
(7%), agitation (6%), need for emergency airway
management (5%), and apnea (4%). Although the
investigators describe an anesthetic technique that is
apparently compatible with cortical mapping in patients
during general anesthesia, they do not report the
incidence of postoperative complications, especially
new-onset neurological deﬁcits. As such, whether outcomes are impacted by a propofol/remifentanil-based
general anesthetic during procedures involving motor
mapping requires further investigation.

Anesthetic Techniques and Pharmacology
Dexmedetomidine oﬀers many advantages for
sedation and as an adjunct during general anesthesia for
patients undergoing neurosurgery. Speciﬁcally, dexmedetomidine has a short eﬀective half-life, allowing for rapid
titratability, and both antihypertensive and analgesic
eﬀects without signiﬁcant respiratory depression.54 However, one primary concern is that, in animal models,
dexmedetomidine is reported to decrease CBF without
aﬀecting cerebral metabolic rate, thus potentially decreasing oxygen and nutrient supply more than demand.55,56
As in animal models, dexmedetomidine reduces CBF
in humans57,58; however, data from one investigation
showed that in humans, dexmedetomidine produces a
parallel decrease in cerebral metabolism.59 Drummond
and Sturaitis60 questioned whether, in the setting of
impaired ﬂow-metabolism coupling, the cerebral vasoconstrictive eﬀects of dexmedetomidine predominate.
Five patients having craniotomy for vascular lesions, 2
with arteriovenous malformations and 3 with cerebral
aneurysms and preoperative neurological deﬁcits secondary to their lesions, were included in this case series. All 5
patients had brain tissue parenchymal oxygen probes
(Licox, Integra Neurosciences, Plainsboro, NJ) placed
before commencement of surgery in the territory felt to be
at greatest risk from pending surgery. Anesthesia was
maintained with inhaled sevoﬂurane (0.4% to 0.8% endexpired) and 50% nitrous oxide, and intravenous
sufentanil (0.15 to 0.5 mg/kg/h). After attaining stable
blood pressure and heart rate with constant anesthetic
concentrations, dexmedetomidine was administered as a
1 mg/kg bolus over 5 to 10 minutes followed by an
infusion at 0.5 to 0.7 mg/kg/h without altering the doses of
the other anesthetic agents; however, surgery was started
after completion of the loading dose, so data acquired
during the infusion may have been subject to the eﬀect
of surgical intervention. During the loading dose, there
was a 4.5% increase in mean arterial pressure (MAP)
(P = 0.041 vs. pressure before institution of the loading
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dose) and an 11.1% increase in brain tissue oxygen
tension (P = 0.015). As such, these data support other
ﬁndings in humans that dexmedetomidine probably does
not adversely aﬀect cerebral oxygen supply-demand
relationships.
Relative or absolute hypotension can occur during
many neurosurgical procedures either as a side eﬀect of
drugs used in the perioperative period (eg, anesthesia
induction agents, excessive b-adrenergic-blocker administration) or as a result of hypovolemia due to bleeding or
diuretic use. Maintenance of adequate cerebral perfusion
is critically important. Phenylephrine, an a1-adrenergic
receptor agonist, is a commonly used pressor in the
perioperative period. Some data suggest that acidosis may
attenuate the vasoconstrictive response of phenylephrine.61 To determine whether the pressor response to
phenylephrine is aﬀected by the alkalosis associated with
hypocapnia, Schwartz and Adams62 measured the
amount of phenylephrine required to increase systemic
blood pressure by 33% and 66% in 6 monkeys receiving
isoﬂurane anesthesia during both normocapnia (PaCO2,
35 to 44 mm Hg) or hypocapnia (PaCO2, 23 to 29 mm
Hg). Ventilation was adjusted to achieve hypocapnia and
held constant; carbon dioxide was added to the inspired
gas mixture to achieve normocapnia. To increase systemic
blood pressure by 33%, 2.4 ± 0.9 mg/kg/min and
1.7 ± 0.9 mg/kg/min phenylephrine were required in the
normocapnia and hypocapnia groups, respectively
(P < 0.05). To increase systemic blood pressure by
66%, 4.9 ± 2.4 mg/kg/min and 3.1 ± 1.7 mg/kg/min phenylephrine were required in the normocapnia and
hypocapnia groups, respectively (P < 0.05). The investigators hypothesize that either an alkalosis-induced
increase in Ca+2 currents in vascular smooth muscle, or
an increase in the ionized fraction of phenylephrine
leading to an increased proportion of molecules interacting with the a1-adrenergic receptors, may account for
these eﬀects.63 As such, the dose of phenylephrine may
need to be decreased in patients who are undergoing
hyperventilation.
Hypertension is common during intracranial procedures, and 60% to 90% of patients undergoing craniotomy
require treatment with antihypertensive medications.64–66
Currently available intravenous antihypertensive medications are limited by either a long half-life (eg, labetolol),
minimal eﬀect on elevated systemic vascular resistance
(eg, esmolol)Fthe primary cause of hypertension after
craniotomy, or adverse eﬀects on intracranial blood
volume (eg, sodium nitroprusside, hydralazine). Clevidipine is a calcium channel antagonist that lowers blood
pressure by reducing systemic vascular resistance. Clevidipine is rapidly metabolized by plasma esterases,
resulting in an eﬀective half-life of < 1 minute, and this
drug does not predominantly rely on the liver or kidney
for metabolism and elimination. As such, clevidipine has
signiﬁcant advantages over currently available injectable
antihypertensive medications. Bekker et al67 prospectively
evaluated clevidipine in 21 patients having craniotomy
who required pharmacologic treatment for hypertension
r
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in the perioperative period. The primary goal of
hemodynamic management was a systolic blood pressure
of 90 to 130 mm Hg and a heart rate of 40 to 90 beats/
min. Blood pressure control was deﬁned as maintaining
a systolic blood pressure < 130 mm Hg. The infusion was
most commonly instituted during emergence from anesthesia, occurring in 13 patients (62%). Once instituted,
blood pressure was reduced to < 130 mm Hg within 5
minutes in 50% of cases, with only 11% of cases requiring
at least 30 minutes to attain blood pressure control. There
were only 2 episodes of hypotension (systolic blood
pressure < 90 mm Hg) that occurred after institution of
the clevidipine infusion, and both resolved rapidly by
temporary termination of the clevidipine infusion and
administration of a pressor (ie, ephedrine or phenylephrine). No other adverse events were attributed to
clevidipine. Further study will be required to determine
whether clevidipine has any eﬀect on intracranial blood
volume and operating conditions.
As the brain itself does not have sensory or pain
receptors, there is a common misperception that patients
having brain surgery do not have, or experience minimal,
pain. However, the skin, periosteum of the skull, and the
meninges are innervated with nerves responsible for
sensory and pain transmission. Currently, few data exist
to describe the incidence and severity of pain after
craniotomy. Mordhorst et al68 prospectively assessed
the incidence, severity, and risk factors for pain in 243
patients having craniotomy at a single institution. All
patients underwent craniotomy without local anesthetic
inﬁltration at the operative site. Patients received either
sevoﬂurane or a propofol infusion in addition to either
sufentanil or a remifentanil infusion for maintenance of
general anesthesia. In all patients who received remifentanil, and in some who received sufentanil, the m-opioid
receptor agonist piritramide was administered 30 minutes
before the end of surgery. Seventy percent of patients
received piritramide and 73% received nonopioid analgesics, such as paracetamol, metamizole, and diclofenac.
Postoperative pain was assessed by a numeric rating scale
(NRS) where 0 indicates no pain and 10 indicates
maximum pain. At 24 hours after surgery, 13% had no
pain (NRS = 0), 32% had mild pain (NRS = 1 to 3),
44% had moderate pain (NRS = 4 to 7), and 11% had
severe pain (NRS = 8 to 10). Younger age (P < 0.05), but
not the presence of nausea (P = 0.13) or vomiting
(P = 0.21), was associated with increased pain scores.
Increased postoperative pain was more common in
patients who received sevoﬂurane versus propofol; however, 93% of patients in the propofol group received
piritramide versus only 55% in the sevoﬂurane group.
Although no surgical factors were associated with pain
severity, the administration of intraoperative corticosteroids for the prevention or treatment of cerebral edema
was beneﬁcial as 24% of patients who received a
corticosteroid complained of moderate-to-severe pain
(NRS = 4 to 10) versus 64% in the group that did not
receive corticosteroids (P < 0.001 although this value was
not reported in study). Clearly, postoperative pain after
r
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craniotomy is a common occurrence that warrants further
study.
Of note, local inﬁltration of the surgical site is often
performed to either minimize hemodynamic responses to
craniotomy or for postoperative pain control. We refer
the interested reader to a review article pertaining to the
“scalp block.” Osborn and Sebeo69 review the history of
scalp inﬁltration and scalp block, the relevant anatomy,
and common complications. They also describe speciﬁc
techniques for performing blocks of individual nerves and
address potential applications for these blocks.
Before turning from general to more speciﬁc topics
relevant to neurosurgical anesthesiology, we refer readers
to the October, 2010 issue of the Journal Current Opinion
in Anesthesiology. That issue published several articles
that review neuroanesthesiology topics and provide
interpretations of the contemporary literature. Topics
included glucose management,70 nitrous oxide use,71
postcraniotomy pain,72 thromboprophylaxis in neurosurgical patients,73 antiepileptic drug use,74 neuroendoscopic
procedures,75 cerebral oximetry,76 and ischemic optic
neuropathy.77

INTRACRANIAL HEMORRHAGE
General Management Issues
In 2005, the results of the Intraoperative Hypothermia for Aneurysm Surgery Trial (IHAST) were published.78,79 One thousand patients with recent aneurysmal
subarachnoid hemorrhage (SAH) and normal or nearnormal neurological status were randomized to systemic
hypothermia (target core temperature of 331C) or normothermia (36.51C) for aneurysm clipping. No diﬀerence
was found between groups with respect to long-term gross
neurological or cognitive outcome. One of the major
criticisms of IHAST is that, given the diversity among the
study patients, there was the possibility that hypothermia
beneﬁted some speciﬁc subset of patients but not others.
Temporary arterial occlusion is sometimes performed to
facilitate permanent aneurysm clip placement. This is
because temporary cessation of blood ﬂow in the vessel
“feeding” the aneurysm allows for a decrease in tension in
the aneurysm wall and may theoretically reduce the risk
of rupture during permanent clip placement. However,
temporary occlusion is not a benign technique; it can
produce cerebral ischemia that, in turn, may lead to
stroke.80–82 Cerebroprotective drugs, such as thiopental,
may attenuate the adverse eﬀect of temporary clipping.83
Hindman et al84 performed a post hoc analysis of data
obtained from 441 patients from the IHAST investigation
in whom temporary arterial occlusion was used. Data
were stratiﬁed ﬁrst based on duration of temporary
clipping (ie, r10 min, 11 to 19 min, Z20 min). Permanent aneurysm clip placement was judged by the surgeons
to be diﬃcult or very diﬃcult more frequently in patients
with a longer temporary clip time: 39%, 48%, and 72%
for temporary occlusion durations of r10 minutes, 11 to
19 minutes, and Z20 minutes, respectively (P < 0001).
Despite the greater use of neuroprotective drugs in
www.jnsa.com |
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patients with longer temporary clip durations (33%, 53%,
and 52% for durations of r10 min, 11 to 19 min, and
Z20 min, respectively; P < 0.001), postoperative cerebral
infarction was more common in patients with an
occlusion duration of Z20 minutes (45%) versus r10
minutes (27%) or 11 to 19 minutes (26%) (P < 0.05 for
both comparisons). Using multivariate logistic regression
analysis, when comparing the inﬂuence of various factors
on the rate of a good outcome (ie, Glasgow outcome
score = 1) at 3 months, neither hypothermia [odds ratio
(OR) = 1.043; CI, 0.678-1.606; P = 0.85] nor use of
cerebral protective drugs (OR = 1.048; CI, 0.674-1.631;
P = 0.84) impacted the odds of a good outcome (OR
signiﬁcantly >1 indicates increased odds of a good
outcome). Compared with those in whom temporary
occlusion duration was r10 minutes, those with a
duration of Z20 minutes (OR = 0.53; CI, 0.281-0.989;
P = 0.046), but not 11 to 19 minutes (OR = 0.920, CI,
0.542-1.562, P = 0.76), were at decreased odds of a good
outcome. As such, the investigators conclude that neither
hypothermia nor the use of protective drugs inﬂuences
long-term gross neurological outcome in patients who
received temporary arterial occlusion during cerebral
aneurysm clipping surgery. Prolonged temporary occlusion was associated with poor outcome.
Vasospasm and cerebral infarction are both common sequelae after SAH, and patients who develop either
of these complications are at risk for worse outcome.
Data describing the relationship between aneurysm
treatment and risk of developing subsequent vasospasm
are inconclusive. Speciﬁcally, one could reason that
removal of blood at the time of craniotomy may reduce
the triggering eﬀect of abluminal oxyhemoglobin on the
major cerebral arteries, thus reducing the risk of
vasospasm. Similarly, aneurysm coiling involves less
external manipulation of the major cerebral arteries, thus
coiling may reduce the risk of vasospasm relative to
clipping. Current data either support no diﬀerence in the
incidence of vasospasm between techniques85,86 or a
greater risk in patients who have undergone surgical
clipping.87,88 Dumont et al89 performed a post hoc
analysis of data from the Clazosentan to Overcome
Neurologic Ischemia and Infarction After SAH trial90 to
determine whether aneurysm treatment method had an
impact on the risk of developing vasospasm or cerebral
infarcts. The Clazosentan to Overcome Neurologic
Ischemia and Infarction After SAH trial showed a dosedependent reduction in the risk of vasospasm by
clazosentan, an endothelin-1 receptor antagonist. Aneurysm treatment (ie, clipping vs. coiling) was decided by the
treating physician. After multivariate analysis correcting
for factors thought to impact outcome, propensity
matching, and adjusting for baseline risk factors between
clipping and coiling, patients who underwent clipping
were 3.89 (CI, 1.75-8.63; P = 0.0008) times more likely to
develop angiographic vasospasm; however, there was no
impact of treatment type on risk of delayed ischemic
neurological deﬁcits, vasospasm-related cerebral infarction, or Glasgow outcome score at 6 weeks after initial
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hemorrhage. When interpreting these data it should be
kept in mind that some patients have aneurysms which,
based an anatomy, are not safely amenable to coiling. As
such, the decision to clip versus coil an aneurysm should
be made on a case-by-case basis.
Anemia is a common ﬁnding after intracranial
hemorrhage, occurring in up to 50% of patients.91,92 The
etiology of anemia is probably multifactorial, with critical
illness, iatrogenic hemodilution (eg, as associated with
“triple-H” therapy involving hemodilution or ﬂuid
resuscitation), and multiple blood draws contributing.
Patient risk factors for anemia after SAH include low
baseline hematocrit, female sex, history of hypertension,
poor clinical aneurysmal grade, presence of systemic
inﬂammatory response syndrome, and surgical aneurysm
treatment.93 There is concern that the associated derangements in cerebral hemodynamics that can occur after
SAH, (ie, decreased CBF as a result of vasospasm or
elevated ICP) can impair oxygen delivery to the brain.
Additional decreases in the oxygen content of blood,
resulting from anemia, can further impair oxygen
delivery. Understanding the relationship between hemoglobin concentration and cerebral oxygen delivery is
currently limited. Kurtz et al94 reviewed the records of 34
consecutive patients with SAH who underwent simultaneous monitoring of ICP, brain tissue oxygen partial
pressure (PbrO2), and cerebral microdialysis to assess
metabolic intermediate concentrations to determine the
eﬀect of anemia on cerebral hemodynamics and metabolism. Hemoglobin concentrations were obtained in these
34 patients; median value was 9.7 g/dL (interquartile
range, 8.8 to 10.5). Hemoglobin concentration was
r10 g/dL in 54% of samples. Values for PbrO2 indicating
cerebral hypoxia (PbrO2 < 15 mm Hg) were more
common in patients with a hemoglobin r9 g/dL (25%)
versus a hemoglobin 9.1 to 10 (12%), 10.1 to 11 (9%),
and >11 g/dL (4%), respectively (P values not reported).
The highest incidence of recordings indicating metabolic
distress (ie, microdialysate lactate-to-pyruvate concentration >40Fan indicator of increased anaerobic metabolism) occurred in the cohort of patients with hemoglobin
r9 g/dL (45%). Fractions of readings indicating metabolic distress were 25%, 15%, and 23% in patients with
a hemoglobin 9.1 to 10, 10.1 to 11, and >11 g/dL,
respectively (P values not reported). Compared with
those with a serum hemoglobin of 10.1 to 11 g/dL, those
with a hemoglobin of 9.1 to 10 g/dL and r9 g/dL were
1.9 (CI, 1.1-3.3) and 3.8 (CI, 1.5-9.4) times more likely to
have a lactate-to-pyruvate ratio >40, indicating metabolic distress and inadequate oxygen delivery (P < 0.05
for both comparisons to the group with a hemoglobin
concentration of 10.1 to 11 mg/dL). Although there are
risks associated with blood transfusion in patients with
SAH,95 these data support the avoidance of anemia.
There are 2 major limitations of this investigation that are
worth mentioning. First, patients in whom multimodal
monitoring was used were more likely to have more
severe injury. In addition, 47% of patients included in this
investigation had a Hunt Hess grade of 5 (ie, severe SAH)
r
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and there were no patients with a Hunt Hess grade < 3
(ie, mild to moderate SAH). In addition, data analysis
was by hemoglobin values and not per patient. As such,
patients with greater severity of injury and greater
metabolic derangement were probably more likely to
have been monitored for a longer period of time, thus
increasing the number of measurements indicating
adverse oxygen delivery. Of note, in a pilot investigation
by Naidech et al,96 patients with SAH were randomized
to a target hemoglobin of either 10.0 to 11.5 g/dL or
>11.5 g/dL. Their data suggested a trend toward reduced
cerebral infarctions and improved functional neurological
status in patients in the higher hemoglobin group.
Aberrations in serum glucose concentration in the
setting of neuronal insult can have a profound impact on
overall outcome. Studies in both animal models and
humans have shown that elevated serum glucose concentration is associated with poor outcome after ischemic
brain injury.97–100 However, attempts to strictly control
glycemia increase the risk of hypoglycemic episodes.101,102
In addition, in some circumstances such as traumatic
brain injury (TBI), the brain may become increasingly
metabolically active (often considered to be a ramiﬁcation
of glutamate release and excitotoxicity and other mechanisms). In these circumstances, blood glucose concentrations in the euglycemic or mild hypoglycemic range may
not allow for adequate substrate delivery to compensate
for a hypermetabolic brain.103 Helbok et al104 correlated
serum glucose concentration with cerebral microdialysis
data obtained from 28 comatose patients with SAH.
Metabolic crisis was deﬁned as the simultaneous occurrence of glucose < 0.7 mmol/L and a lactate-to-pyruvate
ratio >40 in the dialysate ﬂuid. Nineteen patients (68%)
developed 54 episodes of metabolic crisis at some point
during monitoring, with the greatest prevalence occurring
on day 4 after hemorrhage. Changes in cerebral glucose
mirrored changes in systemic glucose. Serum glucose
concentration decreased from 148 ± 32 mg/dL (obtained
2 h before onset of metabolic crisis) to 124 ± 34 mg/dL at
the onset of metabolic crisis (P < 0.001). Similarly, the
lactate-to-pyruvate ratio increased from 45 ± 16 (obtained 2 h before onset of metabolic crisis) to 54 ± 17 with
the onset of metabolic crisis (P < 0.02). A reduction in
serum glucose >25%, but not absolute glucose concentrations, was associated with the new onset of metabolic
crisis (OR = 2.8; CI, 1.7-4.5; P < 0.001) and a >25%
increase in lactate-to-pyruvate ratio (OR = 1.6; CI, 1.12.4; P = 0.01) after adjusting for CPP and Glasgow coma
score. As such, close to “normal” blood glucose
concentrations may be associated with reduced brain
glucose and an increase in the lactate-to-pyruvate ratio
obtained from microdialysis in patients with SAH.
Naidech et al105 retrospectively obtained blood
glucose concentrations from 172 patients managed with
a strict glycemic management protocol (ie, target blood
glucose of 80 to 110 mg/dL) and correlated outcome with
respect to blood glucose concentrations. Patients with a
more severe hemorrhage, based on the World Federation
of Neurological Surgeons scale, had greater serum
r
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glucose variability with a greater maximum glucose
(P < 0.001), greater mean glucose (P < 0.001), and lower
nadir glucose (P = 0.03). The investigators did not
comment on whether a single episode of severe hypoglycemia (blood glucose < 40 mg/dL) and other, less severe,
episodes of hypoglycemia were directly attributable to
insulin administration. Those with symptomatic cerebral
vasospasm (n = 30, 17%) had lower nadir glucose versus
those without vasospasm (78 ± 12 mg/dL vs. 84 ± 16 mg/
dL; P = 0.04), but there was no diﬀerence in initial, mean,
or maximum blood glucose concentrations. Similarly,
those with cerebral infarction (n = 91, 53%) had lower
nadir glucose versus those without infarction (81 ±
15 mg/dL vs. 87 ± 16 mg/dL; P = 0.02), but there was
no diﬀerence in initial, mean, or maximum blood glucose
concentrations. Although the investigators showed statistical signiﬁcance in the 2 comparisons, the clinical
importance of a diﬀerence in blood glucose concentration
of 6 mg/dL is unclear. However, 3-months modiﬁed
Rankin score was related to nadir glucose in that, with
the exception of patients that died (ie, modiﬁed Rankin
score = 6), progressively decreased nadir glucose was
associated with progressively worse outcome (P < 0.001)
as shown in Figure 2. Accordingly, the investigators
conclude that, even in the absence of severe hypoglycemia, a strict glycemic control protocol may put patients at
risk for poor outcome after SAH. Further study will be
required to conﬁrm these ﬁndings.

Pharmacologic Interventions in SAH
Owing to its direct vasodilatory eﬀects and antagonism of the N-methyl-d-aspartate receptor, magnesium
sulfate has been investigated as a potential treatment for
patients with SAH. Small investigations in this setting
have reported trends toward reduced vasospasm and
improved overall outcome; however, many of these
“pilot” investigations lack the power to provide a
100
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FIGURE 2. Mean nadir blood glucose concentrations versus
3-month modified Rankin scale score in patients with
subarachnoid hemorrhage. With the exception of patients
who died (modified Rankin score = 6), decreasing nadir
glucose was associated with a poorer modified Rankin score
(P < 0.001). Adapted with permission from Neurocrit Care.
2010;12:181–187.
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deﬁnitive eﬀect of magnesium sulfate in this setting.106–110
In addition, magnesium may reduce headache and
subsequent analgesic requirements associated with
SAH.111 However, magnesium sulfate can increase the
risk of hypotension, cardiac arrhythmias, respiratory
dysfunction, and muscular weakness. As such, it is
unclear, in the setting of SAH, whether elevated serum
magnesium concentrations would be associated with
beneﬁt or increased risk for adverse outcomes.112,113
Unlike many earlier investigations in which magnesium
sulfate was administered by a set dose, Westermaier et
al114 randomized patients with SAH to receive either
placebo or intravenous magnesium sulfate, adjusted to
maintain a serum concentration of 2.0 to 2.5 mmol/L,
continued for 10 days or until vasospasm resolved,
followed by an oral taper of magnesium over 12 days.
Data from 107 patients were included in the analysis, and
54 received magnesium. Daily administration of
140 ± 51 mmol magnesium was required to maintain
appropriate serum concentrations in the study group.
No episodes of profound bradycardia or hypotension
were noted. During the intravenous administration phase,
serum magnesium concentrations were maintained within
the predeﬁned range; however, once oral supplementation
was instituted, serum magnesium concentrations were
similar between groups (ie, oral magnesium had no
meaningful eﬀect on serum magnesium concentrations).
There were fewer cases of delayed ischemic infarction (ie,
cerebral parenchymal hypodensities appearing between
day 3 and the end of the study period on CT scans), the
primary study endpoint, in the magnesium group (22%
vs. 51% in the placebo group, P = 0.002). However, the
incidence of delayed ischemic neurological deﬁcits (ie,
new focal deﬁcits or neurological deterioration without
other identiﬁable causes such as rebleeding, seizures,
electrolyte disturbances, or hydrocephalus) was similar
between groups (17% vs. 28% for the magnesium and
placebo groups, respectively; P = 0.150). The incidence of
vasospasm, as detected by either TCD or cerebral
angiography, was reduced in the magnesium group
(67%) compared with the placebo group (85%)
(P = 0.028). Further, there was no diﬀerence between
groups with respect to the rate of a good outcome (ie,
Glasgow outcome score of 4 to 5 at 3 mo; 63% vs. 51%
for magnesium and placebo groups; P = 0.210) or overall
mortality at 3 months (11% vs. 19% for magnesium and
placebo groups; P = 0.260). The investigators conclude
that a serum magnesium-guided protocol was eﬀective at
reducing vasospasm and infarction after SAH. However,
this protocol resulted in no signiﬁcant impact on
mortality or overall outcome based on the Glasgow
outcome score.
In the multicenter Intravenous Magnesium Sulfate
for Aneurysmal SAH investigation, Wong et al115
randomized 327 patients with SAH to receive either
placebo or intravenous magnesium sulfate, adjusted to
maintain a serum magnesium concentration twice their
individual baseline value but < 2.5 mmol/L for up to 14
days after initial hemorrhage. There was no diﬀerence
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between groups with respect to favorable outcome at 6
months (primary outcome measure; extended Glasgow
outcome score of 5 to 8; 64% vs. 63% for the magnesium
and placebo groups, respectively; P>0.05). In addition,
there was no diﬀerence between groups in the incidence of
clinical vasospasm (25% vs. 18% for the magnesium and
placebo groups, respectively; P>0.05), fraction with a
modiﬁed Rankin score of 0 to 2 (57% vs. 58%,
respectively; P>0.05), fraction of patients able to
perform activities of daily living at 6 months (Barthel
Index >85; 57% vs. 61%, respectively; P>0.05), or
overall mortality (10% vs. 12%, respectively; P>0.05).
Unlike the investigation by Westermaier et al,114 this
investigation by Wong et al did not support a beneﬁcial
eﬀect of serum magnesium concentration-targeted therapy to improve outcome after SAH.
These conﬂicting ﬁndings derived from relatively
similar investigations reﬂect earlier reports on the use of
magnesium sulfate after SAH. Ma et al116 performed a
meta-analysis of those prospective studies. The investigators identiﬁed 6 investigations108–110,117–119; however, the
data of Wong et al115 and Westermaier et al114 were not
included in this analysis due to the later dates of
publication. There was some variability among the
investigations with respect to primary endpoints and
magnesium administration protocols. The relative risk for
poor outcome at 12 months (deﬁned diﬀerently among
the investigations) was 0.62 (CI, 0.46-0.83) for all
investigations and 0.67 (CI, 0.49-0.93) for high-quality
investigations, favoring the use of magnesium sulfate.
Similarly, magnesium sulfate reduced the risk of delayed
cerebral ischemia [relative risk = 0.73 (CI, 0.53-1.00) for
all reporting investigations and relative risk = 0.64 (CI,
0.44-0.94) for high-quality investigations]. On the basis of
3 investigations, use of magnesium was associated with an
increased risk of study withdrawal [relative risk = 9.98
(CI, 3.04-32.74)] with the most common side eﬀects
making patients discontinue intervention being hypotension, hypermagnesemia, cardiac arrhythmia, renal failure,
respiratory arrest, myocardial infarction, and phlebitis.
As such, the investigators conclude that magnesium may
be of beneﬁt in patients with SAH, but may not be well
tolerated in individual patients due to adverse eﬀects.
The 3-hydroxy-3-methylglutaryl-CoA reductase inhibitors (ie, the “statins”), in addition to their beneﬁcial
eﬀect on reducing cholesterol biosynthesis, also increase
endothelial nitric oxide biosynthesis, thus reducing
vascular tone. Many investigators have examined this
latter eﬀect as a potential treatment modality for
vasospasm after SAH. Kramer and Fletcher120 performed
a meta-analysis of investigations describing new-onset
statin use after SAH, and they excluded studies designed
to assess outcome in patients taking chronic statins before
SAH. Twelve studies were identiﬁed: 6 randomized
controlled trials, 5 cohort investigations, and 1 casecontrol study. Deﬁnitions for delayed ischemic neurological deﬁcits and vasospasm, and metrics of outcome,
varied among the investigations; each study’s individual
deﬁnitions were used to deﬁne these events. The 6
r
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randomized controlled trials collectively contained 309
patients. In these investigations, statins were found to
reduce the odds of delayed ischemic neurological deﬁcits
(OR = 0.38; CI, 0.23-0.65; P < 0.001), but had no
signiﬁcant eﬀect on the presence of vasospasm
(OR = 0.98; CI, 0.35-2.78; P = 0.97), odds of a poor
outcome (OR = 0.81; CI, 0.49-1.32; P = 0.39), or mortality (OR = 0.51; CI, 0.25-1.02; P = 0.06). When data
from all 12 investigations were collectively analyzed,
consisting of 1851 patients with statins administered
either before or after vasospasm, stain use had no eﬀect
on the odds of developing delayed ischemic neurological
deﬁcits (OR = 0.80; CI, 0.61-1.05; P = 0.10), poor outcome (OR = 1.05; CI, 0.79-1.40; P = 0.75), or mortality
(OR = 0.89; CI, 0.56-1.40; P = 0.61). As such, better
quality data suggest that stains reduce the risk of
developing delayed ischemic deﬁcits; however, there may
be no major eﬀect on long-term outcome. The investigators warn of limitations that may have aﬀected these
ﬁndings: (1) there was heterogeneity among the investigations, (2) patients not treated with statins had an
unusually high rate of delayed ischemic neurological
deﬁcits (48% overall), and (3) with the inclusion of lesser
quality data, any signiﬁcant beneﬁt from stains was lost.
A mainstay treatment for patients with vasospasm
refractory to conservative means (eg, nimodipine, tripleH therapy) involves administration of vasodilators
directly into vasospastic arteries; however, there are
currently few data describing the systemic hemodynamic
consequences of this intervention.121 Schmidt et al122
retrospectively reviewed hemodynamic data, vasopressor
requirements, and systemic complications (which may be
attributed to systemic hypotension or vasopressors) in
patients who received either nicardipine or milrinone into
the cerebral arterial circulation. One hundred sixty
endovascular treatments were performed in 73 patients;
96 received nicardipine only, 5 received milrinone only,
and 59 received both drugs. Despite an increase in the
dose of either phenylephrine (63% increase), norepinephrine (104% increase), or vasopressin (240% increase)
required to maintain an “appropriate” systemic blood
pressure, mean systemic blood pressure decreased by 13%
after treatment. One patient with preexisting cardiac
disease had a postprocedural elevation in serum troponin
concentration without other adverse cardiac sequelae.
Clinicians should be aware that hemodynamic changes
are possible, and can be clinically signiﬁcant, after intraarterial administration of vasodilators. However, it
remains unclear whether this decrease in blood pressure
is solely due to a systemic eﬀect of these drugs or if this
change is a normal physiologic response to restoration of
CBF in previously hypoperfused regions of brain in
vasospastic vascular territories.
The etiology of cerebral vasospasm is likely multifactorial and is believed to be at least partially the result
of peroxides and reactive oxygen species associated with
abluminal oxyhemoglobin.123,124 The trace element selenium is a cofactor for antioxidant enzymes responsible
for reducing peroxides (eg, glutathione peroxidase).125 In
r
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a rabbit model of SAH and vasospasm, Kocaogullar
et al126 randomized animals to receive either placebo or
sodium selenite, 0.05 mg/kg intraperitoneally, administered daily starting after the induction of SAH. Sodium
selenite is a common human food additive. Digital
subtraction angiography was performed before and 72
hours after SAH (ie, the time of peak vasospasm in
rabbits127) to assess basilar artery diameter. The animals
were then immediately killed for anatomic analysis of
basilar artery diameter and determination of the thickness
of the arterial muscular layer. Angiographic vessel
diameter was reduced approximately 40% in control
animals, but was unchanged from pre-SAH diameter in
animals that received selenium (P < 0.001). Vessel lumen
diameter and thickness of muscle layer, both assessed in
gross specimens, were 100% greater (P < 0.005) and 62%
smaller (P < 0.005) in animals that received intraperitoneal selenium, respectively. One major concern with
regard to selenium in humans is toxicity. A recommended
dose in humans for supplementation of this trace nutrient
is 7.5 mg/kg/d. This dose, if given for many days, can
become toxic, and a single dose of 5 mg can be lethal.128
As such, if this therapy is ever applied to humans, a much
lower dose than that used in the Kocaogullar et al126
animal model will need to be investigated.
Intravenous adenosine has a short-duration negative chronotropic eﬀect on the cardiac sinoatrial node and
slows electrical conduction in the atrioventricular node.
As such, brief bradycardia and rhythm pause, with a
subsequent brief decrease in cardiac output, results. This
brief adenosine-induced cardiac rhythm interruption and
blood ﬂow diminution makes possible a therapeutic
maneuver to facilitate cerebral aneurysm clipping.
Further, intravenous adenosine boluses may help supplant some requirements for traditional circulatory arrest,
and they may have utility in managing acute intraoperative aneurysm rupture as well.129–133 Currently, most
evidence of this use of adenosine occurs in single-case
reports and small case series that oﬀer few insights into
eﬀective dose ranges, duration of asystole, and complications. Bebawy et al134 retrospectively reported on a series
of 24 cases in which adenosine was used intraoperatively,
with 14 patients receiving more than 1 dose of adenosine.
Repeat doses of adenosine were administered after the
return of stable systemic hemodynamics, and no apparent
tachyphylaxis was noted. One patient, despite receiving 3
doses of adenosine [0.3, 0.4, and 0.5 mg/kg ideal body
weight (IBW)], did not achieve asystole, but had a
signiﬁcant duration of hypotension to facilitate the
placement of multiple aneurysm clips. Adenosine was
used more commonly in cases in which the aneurysm was
located on either the carotid or basilar arteries. Thirteen
patients had hemodynamic data speciﬁcally recorded by a
dedicated observer. In these patients, a median adenosine
dose of 0.34 mg/kg IBW (range, 0.29 to 0.44 mg/kg IBW)
resulted in a systolic blood pressure of < 60 mm Hg for a
median of 57 s (range, 26 to 105 s). Two patients
developed atrial ﬁbrillation after adenosine: one spontaneously converted to sinus rhythm and the other required
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treatment with amiodarone. Two patients developed an
increase in serum troponin (>0.03 ng/mL), neither with
echocardiographic evidence of myocardial dysfunction.
Three patients developed new postoperative neurological
deﬁcits. There were no pulmonary complications observed. Of note, adenosine was not used in patients
having severe coronary artery disease, atrioventricular
conduction defects, electronic pacemakers, or severe
reactive airway disease.
In a similar report, Powers et al135 reported their
experience with adenosine-induced asystole to facilitate
aneurysm clipping in 6 successful cases. They provide a
useful “rule of thumb” that for each 1 s of expected
asystole, 1 mg of adenosine should be administered. For
example, to attain 30 s of asystole, 30 mg of adenosine is a
reasonable approximate dose. The investigators also state
that a standard practice at their institution is to apply
cutaneous pacing pads in the event of sustained bradycardia or asystole, but the pacemaker has never been required.

CAROTID ARTERY DISEASE
Surgical treatment of atherosclerotic disease of the
carotid artery has previously been reported to be superior
to medical management alone in reducing the risk of
stroke and death. Despite an increase in complications in
the periprocedural period, the long-term risk of stroke is
signiﬁcantly reduced after revascularization, even after 10
years, in patients who were initially asymptomatic.136
However, these data, reported in 1998, preceded the
current advances in medical therapy.137,138 As such, the
medical versus invasive treatment debate must continue
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to take into account evolving treatment options.139,140
Currently, the 2 treatment options for patients with
carotid artery disease are CEA and carotid angioplasty
with stenting. Earlier data comparing outcome after these
2 procedures suggested that the overall risk of both
short- term and long-term stroke or death is similar;
however, restenosis is more common after stenting,
whereas minor-to-moderate complications (eg, hematoma, cranial nerve injury) are more common after
endarterectomy.141–146 These data were updated by 2
recent short-term outcome studies published in 2010, both
involving large, randomized, multicenter trials; the
Carotid Revascularization Endarterectomy versus Stenting Trial (CREST) and the International Carotid Stenting
Study (ICSS).
CREST147,148 involved 117 centers in the United
States and Canada and enrolled 2505 patients who had
either symptomatic or asymptomatic carotid artery disease. All procedures were performed by certiﬁed proceduralists. The primary outcome metric was the combined rate
of stroke, death, or myocardial infarction at 30 days after
treatment or ipsilateral stroke within 4 years. The 4-year
outcome data from patients lost to follow-up were imputed.
At 30 days, there was no diﬀerence in the combined
incidence of stroke, death, or myocardial infarction
between groups; however, patients having stenting were
more likely to suﬀer a stroke, and those having endarterectomy were more likely to experience myocardial infarction or cranial nerve injury (Table 2). At 4 years, there was
no diﬀerence in the combined endpoint between groups.
Although the incidence of stroke was initially more
common after stenting (hazard ratio = 1.89; 95% CI,

TABLE 2. Outcome Data From 2 Investigations Comparing Carotid Endarterectomy With Carotid Stenting for the Treatment
of Carotid Atherosclerotic Disease
Endarterectomy
CRESTF30 day outcome data
N
Combined rate of stroke, death, or myocardial infarction
Death
Any stroke
Ipsilateral stroke
Myocardial infarction
Cranial nerve palsy
Hematoma
CRESTF4 year outcome data
Combined rate of stroke, death, or myocardial infarction
Death
Ipsilateral stroke
ICSSF120 day outcome data
N
Combined rate of stroke, death, or myocardial infarction
Death
Any stroke
Myocardial infarction
Cranial nerve palsy
Hematoma

56
4
29
29
28

P

Stenting

1240
(4.5%)
(0.3%)
(2.3%)
(2.3%)
(2.3%)
(4.7%)

66
9
52
52
14

1262
(5.2%)
(0.7%)
(4.1%)
(4.1%)
(1.1%)
(0.3%)

NS
NS
0.01
0.01
0.03
< 0.01

Not reported
76 (6.8%)
83 (12.6%)
50 (4.7%)
44
7
35
5
45
50

85 (7.2%)
94 (11.3%)
72 (6.2%)

857
(5.2%)
(0.8%)
(4.1%)
(0.6%)
(5.3%)
(5.8%)

72
19
65
3
1
30

853
(8.5%)
(2.3%)
(7.7%)
(0.4%)
(0.1%)
(3.1%)

NS
NS
0.049
0.006
0.017
0.002
NS
< 0.001
0.02

Data reported as number within group (percentage).
Adapted with permission from N Eng J Med. 2010;363:11–23 and Lancet. 2010;375:985–997.
CREST indicates Carotid Stenting Versus Endarterectomy for Carotid Artery Stenosis trial; ICSS, International Carotid Stenting study; NS, not signiﬁcant.
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1.11-3.21; P = 0.02), this ﬁnding was not diﬀerent at the 4year assessment (hazard ratio = 1.37; 95% CI, 0.90-2.09;
P = 0.14). Stenting had greater eﬃcacy in younger patients
(ie, < 70 y), a ﬁnding consistent with other research.149 The
authors attributed this ﬁnding to increased vascular
tortuosity and calciﬁcations in older patients (which may
make angioplasty and stenting technically more diﬃcult).
There was a higher incidence of stroke at 30 days after
stenting versus endarterectomy in symptomatic patients;
however, no diﬀerence was found at either time point for
any other metric assessed in this investigation when
stratiﬁed based on symptom status before randomization.
As such, the investigators conclude that for carotid
revascularization, either procedure is safe if performed by
qualiﬁed proceduralists. Unfortunately, the rates or restenosis were not reported in this study.
The ICSS150 is an international multicenter investigation (involving 50 centers in Europe, Australia, New
Zealand, and Canada) in which patients who were
recently (ie, within 12 mo of randomization) symptomatic
from carotid artery atherosclerotic disease were randomized to receive either stenting or endarterectomy. Similar
to CREST, proceduralists and centers were certiﬁed to
assure experience and expertize, and the primary endpoint
was the combined rate of stroke, death, or myocardial
infarction. Stents were used from a variety of manufacturers, with distal protection devices used in 72% of
stented patients, unlike CREST where stents were
supplied by a single manufacturer and distal protection
devices were used in 96.1% of cases. The 120 day results
from the intention-to-treat population are provided in
Table 2. The combined rate of stroke, death, or
myocardial infarction was signiﬁcantly greater in the
stent versus endarterectomy group. This outcome pattern
was also observed in the 30-day data analysis in which
combined rate of stroke, death, or myocardial infarction
was 7.4% and 4.0% in the stented and endarterectomy
groups, respectively (P = 0.003). There were 3 fatal
myocardial infarctions in the stented group versus 5
nonfatal myocardial infarctions in the endarterectomy
group. Three times as many patients in the stenting group
had evidence of a new ischemic brain lesion on posttreatment diﬀusion-weighted magnetic resonance imaging
(MRI) scans compared with those who underwent
endarterectomy.151 Both hematomas and cranial nerve
injuries were more common in endarterectomy patients.
Post hoc subgroup analysis suggested that the risk of the
primary outcome event was probably similar between
groups among women, but stenting was much more
hazardous than endarterectomy in men.
Using data derived from investigations published
before CREST and ICSS, Young et al152 performed a costeﬀectiveness analysis of endarterectomy versus stenting.
Using a hypothetical 70-year-old cohort over a lifetime and
a Markov model to reﬂect the outcomes of clinical trials,
they found that the lifetime costs of CEA was $35,200
versus $52,900 for stenting. In addition, the qualityadjusted life years were 9.64 years versus 8.97 years for
endarterectomy and stenting, respectively. Sensitivity analr
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ysis showed that the lifetime risk of stroke or mortality
inﬂuenced these results. Accordingly, the Investigators
concluded that, “ywith 59% probability, CEA will be
the optimal intervention when all of the model assumptions
are varied simultaneously.” On the basis of the results of
earlier randomized trials and the outcome from this cost
analysis, these investigators suggest that, “ygiven the
uncertainty about the eﬀectiveness and cost-eﬀectiveness of
carotid artery stenting versus CEA, (stenting) should
remain limited to randomized trials or select populations
of patients with carotid stenosis.”
Despite the contradictory ﬁnding of the similar
primary outcome measure from these 2 recent prospective,
randomized, controlled investigations, both CEA and
stenting as options for the treatment of carotid stenosis
will continue to be used, as there are speciﬁc contraindications to each technique. Speciﬁcally, patients with
very heavy plaque burden may beneﬁt more from
endarterectomy, whereas those with earlier neck surgery,
neck radiation, contralateral recurrent laryngeal nerve
palsy, or a high carotid bifurcation may beneﬁt more from
stenting. The results of these clinical investigations,
although they may not have clearly and consistently
identiﬁed a beneﬁt of one technique, do help physicians
better understand the risks associated with these procedures
and may allow for a more well-informed decision for each
individual patient who presents with carotid artery disease.
We refer readers to a special article by Perkins et al139 (with
an accompanying editorial by Adams140) in the December
issue of the Mayo Clinic Proceeding. The investigators
provide a detailed review and synthesis of data derived
from investigations (including CREST and ICSS) that
evaluated the eﬀectiveness of CEA and those that
compared CEA with carotid angioplasty. In addition, the
investigators provide recommendations for applying these
data to patient care. Perkins et al139 and Adams140 also
emphasize the role that evolving medical treatment and
reimbursement mechanisms will have on future choices in
treating carotid artery atherosclerosis.
The application and design of distal protection
devices, and their eﬃcacy in preventing intraprocedural
embolization of plaque, will likely have an important role
in the future success and desirability of carotid stenting
procedures. There currently exists no good-quality
evidence to support the use of distal protection devices,
and using stroke as an endpoint would require a large
study population to identify beneﬁt. Macdonald et al153
randomized patients undergoing carotid stenting to have
their procedures ﬁlter protected or unprotected. The
presence of emboli on diﬀusion-weighted MRI (DWMRI: a technique with greater sensitivity at detecting
emboli than clinical examination for stroke) was used,
thus reducing the number of patients needed to supply
adequate statistical power for the investigation. Thirty
symptomatic patients were randomized and underwent
DW-MRI both preprocedurally and then again 1 to 3
hours, 24 hours, and 30 days after stenting. TCD was
conducted during the procedure to assess for evidence
of emboli in real time. Surprisingly, the investigators
www.jnsa.com |
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found a numerically higher (but statistically insigniﬁcant)
incidence of new DW-MRI lesions in scans from patients
in whom distal protection devices were used both within
24 hours of their procedure [7 of 24 scans (29%) vs. 4 of
22 scans (18%) for unprotected; P = 0.4], and within 30
days of their procedure [9 of 33 scans (27%) vs. 4 of 33
scans (12%) for unprotected; P = 0.1]. Unfortunately, the
investigators did not report the fraction of patients in
whom new lesions were found. Although there was merely
a tendency toward a greater frequency of embolic events
determined by TCD during emboligenic phases (ie,
predilatation, stent deployment, postdilatation) in patients in whom distal protection was used (138 vs. 80
events in unprotected patients; P>0.05), there were
signiﬁcantly more events in patients with distal protection
both during advancement of the catheter through the
atherosclerotic plaque and ﬁlter deployment (138 vs. 16
events in unprotected patients; P < 0.01) and during the
entire procedure (428 vs. 165 events in unprotected
patients; P = 0.03). The majority of emboli seemed to
be particulate in nature (vs. gaseous emboli, based on
sample volume length154,155). Two patients (one in each
group) developed new neurological deﬁcits (ie, stroke)
after the procedure. As such, the investigators concluded
that embolic phenomena are more common in carotid
stenting procedures when distal protection is used and the
impact of this ﬁnding on the risk of stroke and clinical
practice requires further study.
During CEA-associated carotid occlusion (ie, crossclamping), cerebral hypoperfusion may lead to ischemia.
Although routine shunting may reduce the risk of
hypoperfusion, the use of a shunt is associated with risk
of embolic stroke and cognitive deﬁcits postoperatively.156–158 As such, selective shunting is often
performed in conjunction with monitoring for cerebral
hypoperfusion by a variety of modalities. Monitoring for
the development of gross neurological deﬁcits in an
awake patient is considered to be the gold-standard
technique; however, this can only be accomplished during
regional anesthesia. For patients in whom general
anesthesia is used, other modalities (eg, electroencephalography, stump pressure, somatosensory evoked potentials, cerebral oximetry) must be relied upon to detect
cerebral hypoperfusion. To compare these techniques
with the gold standard requires an awake patient, and
general anesthetic-induced changes in cerebral hemodynamics and other eﬀects can alter the extrapolation of
awake data of patients receiving general anesthesia.
Moritz et al159 randomized patients having CEA to
receive either general or regional anesthesia. In those
having general anesthesia, maintenance was by inhaled
sevoﬂurane [1.0 minimum alveolar concentration (MAC)
without nitrous oxide], with as-needed intravenous
injections of fentanyl and ventilation was adjusted to
maintain a PaCO2 of 37 to 43 mm Hg. A shunt was placed
if patients having regional anesthesia developed new
neurological deﬁcits and was placed in those having
general anesthesia if the somatosensory evoked potential
N20/P25 amplitude decreased to 30% of the baseline
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value. All patients underwent monitoring for cerebral
ischemia through continuous TCD of VMCA, regional
cerebral oximetry through near-infrared spectroscopy,
stump pressure, and somatosensory evoked potential
recording through the contralateral median nerve. Ninetysix patients completed the investigation: 48 patients in each
group. Mean stump pressure after occlusion was not
diﬀerent between groups [52 ± 20 mm Hg and 50 ±
21 mm Hg in the general and regional anesthesia groups,
respectively (P = 0.4)]. These values were still not diﬀerent
even after correction for systemic blood pressure (MAP was
11.8 mm Hg higher in the regional anesthesia group;
P < 0.001). Graphical comparison of monitoring data
(not corrected for MAP) between groups are provided in
Figure 3. There was no signiﬁcant diﬀerence in percentage
change in VMCA from baseline (P = 0.795, P = 0.885),
N20/P25 amplitude (P = 0.294, P = 0.317), or percentage
change in rSO2 (P = 0.177, P = 0.166) (P values given for
unadjusted and after adjustment for MAP, respectively for
linear regression analysis of data over the entire study
period). Absolute VMCA was higher before clamping
and during reperfusion in the regional anesthesia group
(Fig. 3A), and values were signiﬁcantly higher over the
study period both before (P < 0.01) and after (P < 0.01)
correction for MAP in the regional anesthesia group;
however, there was no diﬀerence during occlusion. rSO2
from the ipsilateral hemisphere was signiﬁcantly higher at
all time intervals in patients having regional anesthesia both
before (P < 0.01) and after correction for MAP (P < 0.01).
These data support the notion that monitoring modalities
used to detect cerebral hypoperfusion during CEA are
minimally aﬀected by general anesthesia versus values
obtained in awake patients. Two major limitations of this
investigation, both addressed by the investigators in the
study, are that these data may not be transferable to
patients having general anesthesia by other drugs (eg,
propofol). In addition, the investigators did not determine
how each monitoring modality compared with the awake
neurological examination at detecting cerebral ischemiaFonly trends in data from each modality were assessed
over the course of the procedure, independent of whether
ischemia developed and whether a shunt was used in an
attempt to restore adequate cerebral perfusion in patients
showing poor oxygen delivery.
Airway management for CEA patients requiring
postoperative neck hematoma evacuation can provide
major challenges for anesthesia providers. Shakespeare et
al160 performed a retrospective review of patients having
CEA during a 10-year period at a single institution.
Fourty-four of 3225 patients (1.4%) developed a neck
hematoma requiring evacuation within 72 hours after
surgery, and 42 of these 44 patients required airway
management before hematoma evacuation (the tracheal
tube was not removed after CEA in 2 patients). An awake
ﬁberoptic technique was attempted in 20 patients and was
successful in 15; the remaining 5 patients were successfully
intubated by direct laryngoscopy. Direct laryngoscopy
was the initial technique used in the remaining 22 patients
and was successful in 18 patients. In the remaining
r
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FIGURE 3. Course of neurmonitoring parameters in awake patients (regional anesthesia) and in patients under sevoflurane/fentanyl
anesthesia (general anesthesia). Values are given as mean ± SD. TCD indicates transcranial Doppler sonography absolute blood flow
velocity in the middle cerebral artery (Vmca); TCD%, % change in Vmca compared with baseline (ie, preclamp value); SEP, % change in
somatosensory evoked potential N20/P25 wave derived from the contralateral median nerve compared with baseline; NIRS, ipsilateral
near-infrared spectroscopy-derived regional cerebral oxygen saturation (rSO2); NIRS%, % change in rSO2 versus baseline. *P < 0.05
for values obtained in general versus regional groups at that time point. Baseline indicates before carotid clamp placement; 2 minutes
Clp, 2 minutes after carotid clamp placement; 10 minutes Clp, 10 minutes after carotid clamp placement; Decl, carotid declampling;
2 minutes Rep, 2 minutes after restoration of perfusion (reperfusion); 5 minutes Rep, 5 minutes after restoration of perfusion; 10
minutes Rep, 10 minutes after restoration of perfusion. Adapted with permission from J Neurosurg Anesthesiol. 2010;22:288–295.

4 patients, direct laryngoscopy was facilitated by rapid
opening of the incision allowing decompression of the
hematoma in 3 patients, and 1 patient required an
emergency tracheostomy at the bedside in the intensive
care unit. In 36 of the 44 patients (82%), the tracheal tube
was removed uneventfully in < 24 hours. There were no
other adverse events attributed to airway management or
any deaths within 2 weeks after hematoma evacuation.
The investigators recommend an attempt at awake
ﬁberoptic intubation in stable patients, as it oﬀers the
advantage of the patient being able to maintain his own
airway patency and ventilation during intubation. In
cases with acute airway compromise, direct laryngoscopy
r
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may be faster and, if this technique fails, release of the
hematoma may help facilitate direct laryngoscopy.
We refer interested readers to a review article in the
British Journal of Anaesthesia by Erickson and Cole161 on
carotid artery disease. The investigators address pathophysiology and diagnosis of carotid disease, treatment options
(speciﬁcally focusing on CEA vs. stenting), and anesthetic
techniques for both CEA and stenting procedures.

SPINE SURGERY
Spine operations are performed to address a variety of
malignant and nonmalignant maladies. These procedures
www.jnsa.com |
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have inherent risks such as bleeding, infection, the development of new neurological deﬁcits (including blindness and
positioning-related injuries), and complications related to
preexisting comorbidities. The incidence of preexisting
comorbidities at the time of surgery is generally greatest in
the elderly. Deyo et al162 performed a retrospective analysis
of Medicare claims for surgical procedures performed to
treat lumbar spinal stenosis in elderly patients between the
years 2002 and 2007. Overall, the rate of spine surgery per
100,000 Medicare beneﬁciaries decreased from 137.4 in 2002
to 135.5 in 2007. Despite this, the rate of complex spine
fusion (ie, >2 disk levels fused or patients having combined
anterior and posterior approach) increased 15 fold from 1.3
to 19.9 per 100,000 beneﬁciaries, but still accounted for only
< 2% of the surgeries. Overall, major medical complications
in beneﬁciaries were reported in 3.1%, wound infections
were reported in 1.2%, and death occurred within 30 days in
0.4%. Those having complex fusion procedures had a 3-fold
increase in the odds of having a life-threatening complication
compared with those having decompression alone. Further,
adjusted mean hospital costs were 3.4-times greater for a
complex fusion ($80,888) than for decompression alone
($23,724). As such, the investigators suggest considering
more conservative surgical options, if feasible, in elderly
patients with spinal stenosis.
In patients having surgery on the cervical spine by
an anterior approach, an estimated 7% to 13% will
acquire new-onset recurrent laryngeal nerve injury. Often
asymptomatic, vocal cord dysfunction can also cause
hoarseness, stridor, or even frank airway compromise.
Although the cause is probably multifactorial, both direct
pressure on the recurrent laryngeal nerve during surgical
retraction and compression of submucosal branches of
the nerve by the endotracheal tube may contribute. In the
latter case, the tracheal tube is ﬁxed in position at the
mouth and at the inﬂated cuﬀ such that when the airway
is retracted, pressure is thought to be exerted by the
tracheal tube on the convex aspect of the airway. In
addition, retraction can cause the pressure within the
tracheal tube cuﬀ to increase, thereby potentially increasing pressure on submucosal branches of the nerve.
Accordingly, deﬂation of the cuﬀ after surgical retraction,
and cuﬀ reinﬂation until no gas leak is present (or at least
reduction of the pressure within the cuﬀ), may reduce
tension on the tracheal wall. To determine the inﬂuence of
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side of surgery, and cuﬀ pressure on postoperative
recurrent laryngeal nerve dysfunction in patients having
cervical fusion, Jung and Schramm163 reduced tracheal
tube cuﬀ pressures to < 20 mm Hg in 149 of 242 study
patients having a left-sided anterior approach to surgery.
Cuﬀ pressure was not reduced in the remaining 93 cases
“yfor anesthesiological reasons or was forgotten.” Data
obtained from these patients were compared with other
published data from another investigation by the
investigators where patients underwent a right-sided
approach.164 A summary of data from this investigation
is given in Table 3. In patients having a left-side
approach, reduction of tracheal tube cuﬀ pressure to
< 20 mm Hg resulted in a lower incidence of vocal cord
paresis in the ﬁrst week after surgery. However, there was
no diﬀerence associated with reduced cuﬀ pressure in
patients having a left-sided approach at 3 months. When
comparing surgical approach, right-sided surgery resulted
in an increased incidence of vocal cord paralysis within a
week of surgery when compared with a left-sided
approach, but there was no diﬀerence at 3 months after
surgery. Performing both interventions (ie, right-sided
approach and reduced tracheal tube cuﬀ pressure) led to a
signiﬁcant decrease in both short-term and long-term
vocal cord dysfunction. Another interesting ﬁnding was
that in patients with ﬁberoptic laryngoscopy-conﬁrmed
vocal cord dysfunction (regardless of surgery or anesthetic management), hoarseness occurred in only 33%
and 25% of patients at 1 week and 3 months, respectively.
Therefore, the clinical ﬁnding of hoarseness underestimates the rate of injury after anterior cervical spine
surgery. Given the ﬁndings of numerous earlier investigations, these results are not surprising but serve to reenforce the multifactorial etiology of nerve dysfunction.
In interpreting these data, some elements of the study
design deserve comment. The “control” group (ie, leftside approach with no tracheal tube cuﬀ pressure
adjustment) consisted of patients in whom “yit was
impossible to reduce the cuﬀ pressure for anesthesiological reasons or (it) was forgotten.” Although the investigators did not state the reason for the former element, it
potentially introduced selection bias in the study results.
In addition, it was unclear when cuﬀ pressure was
adjusted (ie, before or after retraction). Finally, throughout the study, the investigators drew conclusions from

TABLE 3. Incidence of Vocal Cord Dysfunction After Cervical Spine Surgery Through the Anterior Approach
Surgical
Reduced Tracheal
Approach Tube Cuﬀ Pressure*
Left
Left
Right

Yes
No
No

Incidence of Vocal Cord DysfunctionFWithin 1 wk
N
142
93
120

Total

Paresis
w,z

4 (2.7%)
13 (14%)
29 (24.2%)

Paralysis
w

1 (0.7%)
7 (7.5%)
4 (3.3%)

z

3 (2.0%)
6 (6.5%)
25 (20.8%)w

Incidence of Vocal Cord DysfunctionFat 3 mo
Total

Paresis
z

2 (1.3%)
6 (6.5%)
16 (13.3%)

Paralysis
z

1 (0.7%)
2 (2.2%)
8 (6.6%)

1 (0.7%)z
4 (4.3%)
8 (6.6%)

Vocal cord dysfunction was assessed by indirect laryngoscopy, observing vocal cord mobility where paresis represents decreased movement and paralysis represents no
vocal cord movement.
Adapted with permission from J Neurosurg. 2010;67:10–15.
*For patients in whom tracheal tube cuﬀ pressure was reduced, the cuﬀ pressure was decreased to 20 mm Hg.
wP < 0.05 versus left-side approach and no reduction in cuﬀ pressure (ie, 1 intervention).
zP < 0.05 versus right-side approach and no reduction in cuﬀ pressure (ie, 2 interventions).
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their data, but it was not clear whether any of the data in
this investigation were subject to statistical analysis (we
performed the statistical analysis of the categorical data
shown in Table 3). Noting that this is an “observational
study” does not obviate the need for formal statistical
analysis, especially given that the study groups contained
93 to 142 patients and should have provided reasonable
statistical power.

Spinal Cord Injury
After induction of general anesthesia, direct laryngoscopy and tracheal tube placement will generally
cause an increase in sympathetic activity, manifested as
an increase in blood pressure, heart rate, and circulating
catecholamine concentrations.165 The presence of spinal
cord injury can have a profound impact on autonomic
function, but it is unclear whether it impacts the
hemodynamic responses to direct laryngoscopy. Yoo
et al166 prospectively assessed the impact of the level of
spinal cord injury (ie, quadriplegia with a lesion above C7
or paraplegia with a lesion below T5) and the time
interval since injury on hemodynamics in 214 patients.
Twenty patients without spinal cord injury served as
controls. Patients were excluded if they: (1) had a prior
history of cardiac arrhythmias, (2) required medications
that inﬂuence autonomic function, (3) were in spinal
shock, or (4) were anticipated to be diﬃcult to ventilate
by mask. Anesthesia was induced with intravenous
sodium thiopental and muscle relaxation was facilitated
with succinylcholine in all patients. Heart rate, systolic
blood pressure, and serum catecholamine concentrations
were evaluated before and after direct laryngoscopy. As
shown in Figure 4, systolic blood pressure increased
similarly in controls and paraplegic patients in whom
duration of injury was < 10 years; paraplegics with an
injury duration Z10 years exhibited an exaggerated
increase in blood pressure compared with controls. All
quadriplegic patients had a signiﬁcantly blunted systolic
blood pressure response to laryngoscopy compared with
controls. Heart rate response to laryngoscopy was blunted
only in acute quadriplegics. Finally, a rise in serum
norepinephrine concentration was attenuated in patients
with quadriplegia but not in those with paraplegia. Some
study design elements deserve comment. First, the investigators stated that patients with spinal shock (including
those not requiring pressor support of blood pressure) were
excluded from the investigation. However, the investigators
included 27 quadriplegic patients in their analysis with a
complete spinal cord injury at a level higher than C7 who
were within 4 weeks of their injury at the time of their
inclusion into the investigation. It is unclear whether and
why these patients diﬀered mechanistically and physiologically from those having clinical spinal shock. Second, the
investigators’ decision to administer succinylcholine may
not be advisable for all patients, given that paralysis can
predispose some patients to life-threatening hyperkalemia.
Patients with spinal cord injury often have signiﬁcant functional limitations and a variety of associated
medical comorbidities, often leading to signiﬁcant cost
r
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and resource utilization. Transplantation of stem cells at
the site of injury has promise for restoring some spinal
cord function; however, this technique has limitations, as
reviewed by Sahni and Kessler.167 There are ethical issues
surrounding the acquisition of human fetal stem cells.
Neural stem cells undergo replicative senescence, and
stem cells derived from bone marrow have limited
diﬀerentiation capacity, although this latter eﬀect may
be attenuated by the coadministration granulocyte
colony-stimulating factor.168,169 Hu et al170 reported on
the implantation of human umbilical cord mesenchymal
stem cells 1 day after spinal cord injury in rats. The
advantages of using this cell line are greater ex vivo
proliferation and lower immunogenicity than bone
marrow-derived stem cells. Further, these cell lines are

FIGURE 4. Maximum increase from baseline of SAP (DSAP), HR
(DHR), and plasma norepinephrine concentrations (DNE) after
tracheal intubation according to the time since spinal cord
injury. Values are means with 1 standard deviation designated
by error bars. Controls (Ctrl) are without spinal cord injury.
Patients with quadriplegia all have complete lesions above C7.
Patients with paraplegia all have complete lesions below T5.
Time values represented on the x axis refer to time since spinal
cord injury. *P < 0.05 versus controls. Adapted with permission
from Br J Anaesth. 2010;105:753–759.
www.jnsa.com |
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derived from human tissues that are usually discarded
immediately after delivery, thus posing no threat to
mother and fetus. In animals that received human stem
cell transplantation, hind limb motor function was
signiﬁcantly improved at 5 weeks after experimental
spinal cord injury versus animals that received vehicle at
the site of injury. Histologic assessment showed stem cell
survival and migration, increased growth-cone structures
at the site of injury, and a reduced glial scar. The stem
cells produced a signiﬁcant amount of glial cell linederived neurotrophic factor and neurotrophin-3, possibly
attenuating astrocyte reactivity and scar formation.
Additional research is needed to further explore the
potential of stem cell transplantation in central nervous
system neuronal repair or regeneration after injury.

Pain After Spine Surgery
Postoperative pain is common after surgery on the
spine and can limit activity, thus hindering physical and
occupation rehabilitation. Reduced physical activity can
increase the risk for medical complications, such as
pneumonia, venous stasis and thromboembolism, and
urinary tract infection. Collectively, these factors can lead
to prolonged care facility stay, psychological stress, and
reduced patient satisfaction. Perioperative narcotics are
generally the mainstay treatment for pain after spinal
surgery; however, other analgesic modalities are currently
under investigation.
Gabapentin, an orphan drug originally used as an
antiepileptic, is eﬀective for both the treatment of
neuropathic pain and for acute postsurgical pain.171–174 In
addition, the preoperative administration of gabapentin to
patients who are to undergo lumbar spine surgery reduces
acute postoperative narcotic requirements175; however,
these data are obtained from adult patients. Rusy et al176
performed a prospective, randomized investigation in
children, age 9 to 18 years, having spinal fusion who
received either gabapentin or placebo orally before surgery.
In the postoperative period, intravenous morphine was
administered by a protocol (ie, intermittent, weight-based
boluses in the recovery room and by patient-controlled
analgesia afterward). Patients randomized to receive
gabapentin preoperatively also received gabapentin orally
(5 mg/kg/dose) 3 times per day for 5 days starting the day
after surgery; patients randomized to the placebo group
received a placebo tablet or elixir by a similar schedule.
Data from 59 patients were included in the ﬁnal analysis (29
received gabapentin). Compared with those who received
placebo, total daily morphine consumption was lower in
the gabapentin group in the post anesthesia recovery
unit (0.044 ± 0.17 vs. 0.064 ± 0.031 mg/kg/h; P = 0.003),
and on postoperative day 2 (0.036 ± 0.016 vs. 0.047 ±
0.019 mg/kg/h; P = 0.018) with a trend toward reduced
morphine requirement on postoperative day 1 (0.046 ±
0.0160 vs. 0.055 ± 0.017 mg/kg/h; P = 0.051); no diﬀerence
was noted on days 3 to 5. Verbal numeric pain scores (ie, 0
to 10) were lower in the gabapentin group both in the post
anesthesia recovery unit (2.5 ± 2.8 vs. 6.0 ± 2.4; P < 0.001)
and on the morning after surgery (3.2 ± 2.6 vs. 5.0 ± 2.2;
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P < 0.001) compared with placebo; pain scores were not
diﬀerent at any other time point up to postoperative day 5.
Further, there was no diﬀerence between groups with
respect to morphine-related side eﬀects (ie, duration of
supplemental oxygen or urinary catheter requirements, time
to ﬁrst bowel movement or transition to oral analgesics, or
number of doses administered of either ondansetron,
diphenhydramine, or diazepam). The investigators concluded that gabapentin, when given preoperatively and for
5 day postoperatively, will reduce morphine requirements
for up to 2 days and pain score immediately after pediatric
spinal fusion. This is not a sustained eﬀect despite
continued administration of gabapentin.
Ketamine is another nonopioid analgesic that can
be used in addition, or as a supplement, to opioids for
pain control in the perioperative period.177,178 Patients
with subacute or chronic spine disease often have
subacute or chronic pain treated with multiple analgesics,
and little is known about the use of ketamine in opioidtolerant patients with chronic pain who undergo surgery.
To determine whether perioperative use of ketamine is
beneﬁcial in this patient population, Loftus et al179
randomized 52 patients with a >6-week history of daily
opioid use and chronic back pain for >3 months to
receive either ketamine (0.5 mg/kg upon induction of
anesthesia followed by a continuous infusion at 10 mcg/
kg/min, terminated at wound closure) or saline placebo
bolus and infusion during elective major lumbar spine
surgery. Providers and patients were blinded to treatment,
and the anesthetic and postoperative pain protocols were
standardized. Demographics and operative characteristics
were similar except patients in the ketamine group: (1)
received more nonsteroidal anti-inﬂammatory agents
preoperatively (26% vs. 6% for placebo; P = 0.006) and
(2) required less narcotic (in terms of morphine equivalents) intraoperatively (51 ± 27 mg morphine equivalents
vs. 67 ± 44 mg for placebo; P = 0.034). Total narcotic
consumption was reduced 48 hours after surgery in
patients receiving ketamine (195 ± 111 mg morphine
equivalents vs. 309 ± 341 mg for placebo; P = 0.029),
and this diﬀerence remained even after multivariate
statistical analysis to correct for nonsteroidal antiinﬂammatory administration (P = 0.045). At 6 weeks
after surgery, patients who received ketamine intraoperatively had lower pain scores (recorded on a visual analog
scale of 0 to 10; 3.1 ± 2.4 vs. 4.2 ± 2.4 for placebo;
P = 0.026) and lower daily opioid consumption (converted to mg/h of a continuous intravenous morphine
infusion; 0.8 ± 1.1 mg/h vs. 2.8 ± 2.4 mg/h; P = 0.041).
Similarly, Amr180 showed that an intermittent intravenous ketamine infusion (80 mg over 5 h every day for
1 wk) was eﬀective, for up to 2 weeks after termination of
infusion, at reducing pain scores in patients with chronic
spinal cord injury.
Elder at el181 reported on the eﬀect of bupivacaine
0.5%, infused through a catheter placed intraoperativly
into the subfascial paravertebral space, in patients having
posterior cervical spine fusion. All 24 patients received an
ON-Q PainBuster (I-Flow Corporation, Lake Forest, CA)
r
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delivery system at the time of surgery. This system consists
of an elastomeric pump that delivers a continuous infusion
of medication through a catheter placed at the time of
surgery. Although the study did not standardize the
anesthetic or analgesic plan, the investigators reported that,
“ythere were no fundamental diﬀerences in the (anesthesia) team’s technique or types of medications usedy” All
pumps delivered 2 mL/h of 0.5% bupivacaine for a total of
72 hours. For a comparison group, the investigators
identiﬁed 24 historical controls matched for age, diagnosis,
and levels fused. Patients in the study group had a
signiﬁcantly lower consumption of morphine equivalents
of narcotic on each of the ﬁrst 4 days after surgery [range,
24.4% reduction (P = 0.048) to 58.1% reduction
(P = 0.009) on days 1 and 4, respectively, vs. controls].
The investigators also reported that study patients were
more likely to have a bowel movement, ambulate, and be
discharged home earlier than those in the control group.
Further, there were no complications attributed to the use
of this technique. There was no mention of how the local
anesthetic infusion impacted postoperative neurological
assessment.
Transcutaneous electrical stimulation (TENS) is a
commonly used electroanalagesia modality, delivering a
mild (and essentially painless) electrical current through
skin electrodes. TENS reportedly provides a reduction in
perceived pain. Although the mechanism of action is still
unclear, TENS is believed to aﬀect the pain response by
activating small, low-threshold myelinated peripheral
aﬀerent nerve ﬁbers. These, in turn, inhibit central
transmission of aﬀerent pain impulses through unmyelinated C-ﬁbers within the dorsal horn of the spinal cord.
In addition, TENS stimulates the release of endogenous
opioids within the brain and spinal cord.182 TENS also
reduces postoperative narcotic requirements after abdominal and shoulder, but not knee, surgery183–185; although
in the investigation of knee surgery, the speciﬁc setting of
the TENS unit were not supplied in the study. To
determine whether a TENS-associated reduction of postoperative pain184 has utility after lumbar spine fusion,
Unterrainer et al186 studied 38 patients having lumbar
spine fusion. Four TENS electrodes were applied
preoperatively such that one electrode was placed 4 cm
to the left and the right side of both the superior and
inferior aspects of the planned surgical incision site.
Patients were then randomized into 3 groups: (1) TENS
unit was activated for 30 minutes before incision, for 8
hours after skin closure, and for 30 minutes on the ﬁrst
postoperative day, (2) TENS was activated only 8 hours
after skin closure and for 30 minutes on the ﬁrst
postoperative day, and (3) the TENS was not activated.
All patients received standardized patient-controlled analgesia with piritramid, a synthetic opioid with 70% of the
potency of morphine. During the ﬁrst 24 hours after
surgery, the group in whom TENS was initiated before
incision had reduced piritramid consumption (0.158 ±
0.051 mg/kg for 24 h) compared with those in whom the
stimulation was initiated after surgery (0.221 ± 0.066 mg/
kg; P = 0.011). Those in whom the TENS unit was never
r
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activated had the highest 24 hours piritramid consumption
(0.583 ± 0.167 mg/kg; P < 0.0005 for comparison with the
other 2 groups). As such, the investigators showed that
TENS can eﬀectively reduce postoperative systemic narcotic
requirements after surgery with minimal (if any) adverse
eﬀects.

TRAUMATIC BRAIN INJURY
Increased ICP is a common ﬁnding after TBI, and
the presence, frequency, and severity of increased ICP is
associated with poor outcome.187,188 There are sparse
data describing the time course of the development of
elevated ICP and how these changes are associated with
outcome. Bremmer at el189 retrospectively reported on
221 patients with severe TBI (ie, Glasgow Coma Score
< 8 with abnormalities noted on CT scan of the head
upon hospital admission) requiring ICP monitoring.
Elevated ICP was deﬁned as an ICP >20 mm Hg for
>5 minutes. Maximal therapy for elevated ICP included:
(1) sedation and analgesia alone (29% of patients), (2)
cerebrospinal ﬂuid drainage (26%), (3) mannitol or
hypertonic saline (28%), and (4) barbiturates and other
second-tier therapies (17%). ICP proﬁles were stratiﬁed
into the following categories based on the ﬁrst day at
which the highest mean ICP was noted: (1) early rise,
highest mean ICP on days 1 to 2 occurring in 70 patients
(32%); (2) intermediate rise, highest pressure on days 3 to
5 occurring in 74 (34%) patients; and (3) late rise, highest
pressure after day 5 occurring in 75 patients (34%). In 13
patients, a bimodal spike in ICP was noted. In these 13
patients, the ﬁrst increase was noted before day 5 and the
second increase was noted after day 9. Use of mannitol,
hypertonic saline, and/or second-tier therapies to control
elevated ICP was required in 65% of patients in the laterise group versus only 33% of patients in the early and
intermediate-rise groups combined (P < 0.001). In patients not lost to follow-up, outcome was stratiﬁed based
on the Glasgow outcome score at 1 year after injury and
was as follows: good recovery (15%), moderate disability
(28%), severe disability (21%), vegetative state (4%), and
death (32%). For those who had a good recovery, 56%
were in the early rise group, 36% in the intermediate rise
group, and 8% in the late rise group (P < 0.005 for
comparisons of late group with both early and intermediate groups; P>0.05 for early vs. intermediate group
comparison). In addition, mortality was 25% in the early
group, 30% in the intermediate group, and 41% in the
late rise group (P < 0.02 for early vs. late rise groups;
P>0.05 for all other comparisons). As such, in patients
with severe TBI, a late rise in ICP is predictive of more
refractory intracranial hypertension and a poorer prognosis. These data also support the notion that lower ICPs,
obtained early after TBI, do not always predict a more
favorable course and may support the need for a longer
duration of ICP monitoring. However, further study will
be required to identify the mechanisms accounting for
these ﬁndings. Of note, these data were limited to those
with severe TBI on admission. These results probably
www.jnsa.com |
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cannot be extrapolated to those patients with a mild
initial injury at the time of admission or those who
deteriorate later in their clinical course.
Loss of heart rate variability was initially used
to assess fetal well-being and has also been reported to
correlate with outcome after myocardial infarction and to
predict brain death.190–193 Traditionally, assessing heart
rate variability involved complex mathematical modeling;
however, Mowery et al194 described a simpler technique
where the variability of heart rate can be accurately
estimated by collecting values over a 5-minute epoch and
determining the standard error among those values.
A reduction in these integer heart rate variabilities (HRVi)
in trauma patients was associated with autonomic dysfunction and subsequent poor outcome. As there are dynamic
changes in autonomic function after TBI, Kahraman et
al195 applied the technique of Mowery et al to determine
whether an association exists between HRVi, integer pulse
pressure variability (PPVi; standard deviation of pulse
pressure obtained during 5-minutes epochs), and changes in
ICP and CPP, in 25 patients with severe TBI (Glasgow
coma score on admission < 9 plus need for ICP
monitoring). Patients were excluded from data analysis if
they required treatment with drugs that aﬀect autonomic
function (eg, dopamine, epinephrine, atropine, dexmedetomidine), high-dose vasopressin for blood pressure support,
or thiopental for sedation. In addition, an autonomic index
was calculated as HRVi  PPVi for each patient, derived
from each 5-minute epoch. As shown in Figure 5, HRVi,
PPVi, and especially autonomic index increased with
increasing ICP until ICP was >50 mm Hg, at that point
all 3 parameters signiﬁcantly decreased to values signiﬁcantly less than those obtained during periods of normal
ICP. Accordingly, these data suggest that as ICP rises,
initially there is increased activity of the autonomic nervous
system reﬂected in increase variability in heart rate and
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FIGURE 5. Distribution of the mean ± standard error of integer
heart rate variability (HRVi), integer pulse pressure variability
(PPVi), and autonomic index (HRVi times PPVi) across 6
groupings of intracranial pressure (ICP). *P < 0.05 versus
group with ICP < 10 mm Hg. Adapted with permission from
J Neurosurg Anesthesiol. 2010;22:296–302.
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pulse pressure. However, when ICP is excessively elevated
(ie, >50 mm Hg in this investigation), there is failure of the
autonomic nervous system reﬂected as a decreased
variability in heart rate and pulse pressure.
Hypertonic saline is an accepted treatment for
intracranial hypertension after TBI, and it improves
cerebral hemodynamics and brain tissue oxygenation.196–198
One major limitation is the development of hyperchloremic
metabolic acidosis and associated renal impairment.199–202
In 10 patients with severe TBI, Bourdeaux and Brown203
treated intracranial hypertension with 85 mL of sodium
bicarbonate 8.4%, instead of 100 mL of sodium chloride
5%Fthe latter being the standard practice at their
institution. These 2 doses contain a similar solute load
(170 mOsm). The infusion was instituted if ICP was
>20 mm Hg for >5 minutes, and the volume was
delivered over 30 minutes through a pump into a central
venous catheter. If ICP increase to >20 mm Hg again
within 6 hours, a second dose was administered. Treatment
was considered a failure if the patient did not respond with
a decrease in ICP to < 10 mm Hg after 2 doses of sodium
bicarbonate plus the initiation of other standard conservative measures. Mean ICP was 28.5 ± 2.6 mm Hg before
instituting the sodium bicarbonate infusion and decreased
to 10.3 ± 1.9 mm Hg within 15 minutes after beginning the
infusion (P < 0.01). ICP was < 20 mm Hg in all patients
for 5 hours after initiating the infusion. Although MAP was
unchanged during the 5 hours study period, CPP increased
from 62 ± 4 mm Hg to 80 ± 3 mm Hg (P < 0.01). There
was a statistically signiﬁcant, but probably not clinically
consequential: (1) increase in serum sodium concentration
from 145 ± 6 mmol/L to 147 ± 6 mmol/L (P < 0.01), (2)
decrease in serum chloride concentration from 119 ±
7 mmol/L to 118 ± 6 mmol/L (P < 0.01), and (3) increase
in serum pH from 7.45 ± 0.05 to 7.50 ± 0.05 (P < 0.01).
Limitations of this investigation include a small sample size
and failure to comment on adverse eﬀects attributable to
hypertonic sodium bicarbonate infusion (although it is
possible that no adverse eﬀect was noted).
We refer the reader with additional interest in TBI
to recent review articles. The journal Brain Injury recently
published a series of 3 review articles by Meyer
et al204–206 that address TBI topics in an evidence-based
manner. In the ﬁrst article,204 the usefulness of individual
nonpharmacologic interventions, such as hypothermia,
hyperbaric oxygen, cerebrospinal ﬂuid drainage, and
decompressive craniectomy are addressed. In the second
article,205 data supporting (or refuting) the utility of
various pharmacologic treatments are addressed. These
drugs include sedative/hypnotics (eg, barbiturates and
propofol), opioids, osmotic agents, and corticosteroids.
In the third article,206 the investigators address interventions that have been alleged to promote arousal from
coma after TBI, including dopaminergic drugs (eg,
bromocriptine, levodopa), amantadine, sensory stimulation, median nerve stimulation, and music therapy. In all
3 review articles, the investigators include well-organized
tables summarizing the current literature. We also refer
readers to a series of 2 brief editorials that debate the
r
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optimal environment for caring for TBI patients. Teig
and Smith207 argue that patients should be managed in a
specialty neurocritical care unit, whereas Petsas and
Waldmann208 comment on quality management in a
general critical care unit.

NEUROTOXICITY AND NEUROPROTECTION
When neural tissue is at risk for, or has sustained,
injury, the primary goal of care is to optimize oxygen and
nutrient delivery to the endangered brain, spinal cord,
and peripheral nerves by assuring adequate oxygenation
and perfusion (ie, through the ABCs of airway, breathing,
and circulation support). In addition to these interventions, other “neuroprotective” strategies may be warranted. In 2010, a number of review articles addressed
adult pharmacologic neuroprotection209 and the eﬀect of
anesthetics on apoptosis,210–212 and neuroprotective
strategies in neonates experiencing hypoxic or ischemic
brain insults.213 In the remainder of this section, we will
highlight some other articles published in 2010.

Volatile Anesthetics and Injury
The association between volatile anesthetic use and
long-term neuronal degeneration has been characterized
in a variety of animal models for almost a decade.214–217
Recently, other research has determined that in susceptible individuals (ie, the very young and very old) anesthetic
exposure may adversely impact long-term cognitive
function and behavior, hypothetically as a result of
anesthetic-induced neurotoxicity.218–220 Speciﬁcally, exposure to a variety of common anesthetic drugs during
the period of rapid synaptogenesis activates apoptosis in
neurons, and inhibition of apoptotic mechanisms may
confer a protective beneﬁt.221 As this is a very young ﬁeld
of investigation, there remain many unanswered questions such as are certain anesthetic agents more likely to
cause injury by apoptosis, and are there other mechanisms by which anesthetic drugs can produce long-term
cognitive and behavioral changes?
To determine whether isoﬂurane and sevoﬂurane
exposure diﬀerentially impact neurodegeneration, Liang
et al222 exposed 7-day-old mice to 0.5 MAC of either
isoﬂurane or sevoﬂurane (0.75% and 1.1%, respectively)
for 6 hours. In mice, the ﬁrst 2 weeks after birth
represents a time of rapid synaptogenesis. The investigators found that, compared with mice not exposed to a
volatile anesthetic, isoﬂurane caused a 2-fold increase in
serum S100b protein, an intracellular neuronal protein
that enters the systemic circulation after neuronal injury
and disruption of the blood-brain barrier.223 In contrast,
sevoﬂurane did not produce a signiﬁcant increase in
serum S100b. Isoﬂurane also caused a 4-fold and 6-fold
increase in cleaved caspase-3, a biomarker of apoptosis,214 in the hippocampal CA1 region and cerebral
cortex, respectively (P < 0.05 for both comparisons with
control animals). Sevoﬂurane exposure had no signiﬁcant
eﬀect on hippocampal cleaved caspase-3, but caused a 3fold increase (P < 0.05) in cleaved caspase-3 in the cortex.
Despite these ﬁndings, no impairment of learning or
r
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memory was identiﬁed in either group, when compared
with similar animals not exposed to an anesthetic.
As documented by Liang et al,222 an increase in
biomarkers of apoptosis does not always strongly
correlate with clinical manifestations, such as cognitive
deﬁcits. Although there are multiple explanations for this
ﬁnding (ie, low sensitivity of cognitive testing in this
setting, inherent diﬀerences in study methodology), an
alternate explanation may be that mechanisms other than
those resulting in increases in apoptotic biomarkers
account for long-term anesthetic-induced cognitive and
behavioral changes. Briner et al224 evaluated the eﬀect of
3 volatile anesthetics on neuronal architecture in 16-dayold rats to determine whether these drugs induce
structural changes in neurons, speciﬁcally dendritic spines
(which are regions on a neuronal dendrite that receive
input from another neuron by a single synapse). Rats
received 1 MAC of either isoﬂurane, sevoﬂurane, or
desﬂurane for 30, 60, or 120 minutes. Animals were then
killed and, in addition to staining layer 5 of the medial
prefrontal cortex (ie, a region of brain critical to the
control of high-order cognitive functions) to detect
necrosis and apoptosis (by Fluoro-Jade B and terminal
deoxynucleotidyl transferase deoxyuridine triphosphate
nick-end labeling), ionotophoric injections were carried
out in individual neurons to visualize the dendritic arbor
and assess changes in dendritic spines. Although there
was no diﬀerence in cell death (which was not surprising
as anesthetic-induced neuroapoptosis is less prevalent in
16-day-old rats vs. younger rats), there was an increase in
dendritic spine density after exposure to all 3 volatile
anesthetics. However, the timing of changes diﬀered
according to anesthetic; signiﬁcant increases in spine
density were seen after 30, 60, and 120 minutes, with
sevoﬂurane, isoﬂurane, and desﬂurane, respectively. As
such, the investigators conclude that volatile anesthetics
may alter synaptogenesis independent of their eﬀect on
neuronal apoptosis.
Binding of g-aminobutyric acid (GABA) to the
GABAA receptor induces the opening of a chloride channel
where chloride ions ﬂow along their concentration gradient.
The GABAA receptor is also a primary site of action of
volatile anesthetics and may indirectly modulate volatile
anesthetic-associated neuronal apoptosis. The a-subunit of
the GABAA receptor has 2 isoforms: a1 and a2.225 Initially,
the a2 isoform is present but, at some point during
development, there is a transition such that GABAA
receptors containing primarily the a1 isoform predominate.
In rats, that transition occurs at approximately postnatal
day 7. A similar transition occurs in humans as well;
however, the timing of this transition in humans is not as
clearly known.226 In younger animals, opening of the
GABAA chloride channel results in an eﬄux of chloride
from neurons, thus causing neuronal depolarization. In
adult animals, opening the GABAA chloride channel results
in chloride inﬂux and thus neuronal hyperpolarization.
This change in GABAA function is likely to be the
result of changes in neuronal chloride ion gradients due
to changes in chloride transporters at diﬀerent stages of
www.jnsa.com |
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development.226,227 Piehl et al228 exposed hippocampal
slices obtained from 4, 7, and 14 postnatal rats (these
dates corresponding to pre- GABAA, during, and postGABAA a-subunit transition) to either 2% sevoﬂurane or
air for 5 hours. They then evaluated cell death, the
presence of activated caspase-3, and both isoforms of the
a-subunit of GABAA receptors immediately after and
again at both 24 hours and 72 hours after treatment (ie,
sevoﬂurane vs. air). Neuronal death was assessed using
Sytox staining, a nucleic acid stain that only enters cells
with disrupted cell membranes (ie, dead or dying cells);
hence Sytox staining is not speciﬁc for apoptosis. Results
are summarized in Table 4. In postnatal day 4 and day 7
rats, increased cell death was observed in the sevoﬂurane
group only 72 hours after exposure (ie, delayed cell death)
despite increased activated caspase-3 occurring only
immediately after exposure. Early cell death was noted
in postnatal day 14 sevoﬂurane-treated rats. Further,
sevoﬂurane induced signiﬁcant changes in the expression
of the 2 isoforms of the a-subunit of GABAA receptor. It
is, however, diﬃcult to interpret how, and whether, these
latter changes impacted the diﬀerences observed in the
timing of neuronal demise, as one of the primary
limitations of this investigation is that concurrent changes
in chloride ion ﬂux were not determined (a limitation
addressed by the investigators in the study). As such, it is
unclear from these data whether alterations in chloride
ion ﬂux, concurrent with changes in the a-subunit of
GABAA receptor, contributed to the diﬀerences in early
versus late neuronal death as a function of age (observed
in this model).
As discussed earlier, in addition to an age-related
change in the isoform of the a-subunit expressed in the
GABAA receptor, there is a change in expression of an ion
transporter which may impact the function of the GABAA
receptor. Chloride currents in immature neurons are in part
governed by an isoform of the Na+-K+-2Cl  cotransporter (NKCC1), which is considered the driving force for
neuronal depolarization after GABAA stimulation. Peak
expression of NKCC1 occurs around postnatal days 5 to 7
in rats.229 In older animals, a diﬀerent chloride transporter
isoformFK+-Cl  cotransporterFis expressed and is
considered to be one of the factors responsible for a change
in the response of neurons from excitation to inhibition
upon activation of GABAA receptors. Data from Edwards
et al230 suggest that alterations in chloride currents, likely to
be associated with changes in chloride transporters, may be
critical in modulating cell death in neonatal rat neurons
after sevoﬂurane exposure. Either bumetanide (a selective
NKCC1 antagonist) or saline was administered to postnatal
day 4 to 9 rats before 60 minutes of sevoﬂurane (2.1%)
anesthesia. Seizures during induction of anesthesia were
signiﬁcantly reduced in animals that received bumetanide
(9% vs. 62% in the placebo group; P = 0.01). The
investigators state that, in older rats (postnatal days 10 to
17), seizures were more common during emergence from
anesthesia, and prior administration of bumetanide was not
eﬀective at reducing seizure frequency in older animals
(speciﬁc data not reported in the study). As observed in
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TABLE 4. Effect of Sevoflurane on Cell Death, Activated
Caspase-3 Staining, and the Nature of the GABAA Receptor a
Subunit in Rat Hippocampal Slices
Postnatal Day Number
Cell death
Immediate
After 24 h
After 72 h
Activated caspase-3
Immediate
After 24 h
After 72 h
GABAA a1 subunit
Immediate
After 24 h
After 72 h
GABAA a2 subunit
Immediate
After 24 h
After 72 h

4

7

14

0
0
+

0
0
+

+
0
0

+
0
0

+
0
0

Not assessed
Not assessed
Not assessed

0

0


0
+

0
+
+

0
+
0

0
+
0

0
0
0

Cell death assessed by Sytox staining.
Adapted with permission from J Neurosurg Anesthesiol. 2010;22:220–229.
+ indicates signiﬁcant increase in sevoﬂurane group versus air group;  ,
signiﬁcant decrease in sevoﬂurane group versus air group; 0, no signiﬁcant
diﬀerence between sevoﬂurane and air groups; GABAA, type A g-aminobutyric
acid.

Figure 6, in young rats (postnatal day 4), sevoﬂurane caused
a signiﬁcant increase in activated caspase-3 in brain, a
response signiﬁcantly attenuated in rats that received
bumetanide. Although these data do not reﬂect changes in
cleaved caspase-3 in speciﬁc regions of brain, the results of
Edwards et al suggests that ionic currents probably play a
role in mediating anesthetic-induced changes in the
apoptotic pathway. Further experimentation will be needed
to determine whether these changes in ionic currents are
responsible for an increase in cell death, as Edwards et al
did not assess the extent of cell death in speciﬁc brain
regions.
In addition to changes in GABAA receptor morphology and neuronal chloride transporters, anesthetics
may alter neuronal gene expression and, in turn, cognitive
and neurobehavioral function in at-risk patients.
Although animal age was not speciﬁcally stated in their
study, Kalenka et al231 administered isoﬂurane to rats and
characterized hippocampal protein expression compared
with unanesthetized animals. Eighteen proteins were
diﬀerentially expressed after isoﬂurane exposure. We
refer the reader to the study for the identity of these
speciﬁc proteins (many of which are altered or diﬀerentially expressed in humans having other forms of
cognitive dysfunction, most notably Alzheimer disease).
We refer readers with further interest in the topic of
anesthetic-induced neurotoxicity to a review article by
Stratmann et al.232 This brief but focused study addresses
topics such as the relationship between cell death and
subsequent development of cognitive dysfunction, speciﬁc
eﬀects of isoﬂurane on the hippocampus, and the eﬀect of
isoﬂurane on neurogenesis.
r
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Novel Nonanesthetic Neuroprotectants
In addition to reducing serum cholesterol concentrations, thus decreasing stroke secondary to reduced
vascular plaque accumulation or embolization, the statin
drugs have multiple downstream and cholesterol-independent eﬀects that can protect the brain from injury.
Speciﬁcally, statins induce endothelial nitric oxide
synthase and inhibit inducible nitric oxide synthase.233
Nitric oxide derived from endothelial nitric oxide
synthase has a protective role as it mediates the paracrine
function of the vascular endothelium, such as inhibition
of leukocyte and platelet adhesion and vasodilation.
Conversely, nitric oxide and other oxidative by-products
derived from inducible nitric oxide synthase in astrocytes
after ischemia are thought to contribute to the adverse
oxidation of neuronal structural proteins.234 This may
account for the observation that statins have a protective
role in stroke235–237; however, their eﬀect on outcome
after peripheral nerve injury is unknown. Pan et al238
randomized 144 rats to receive either atorvastatin (5 mg/
kg orally) or placebo for 7 days before sciatic nerve
insult induced by application of a vessel clamp to the
nerve for 20 minutes during isoﬂurane anesthesia.
Atorvastatin attenuated sciatic nerve injury based on
functional assessment, electrophysiology, and histology.
The extent of sciatic neuronal apoptosis (assessed by
Fluoro-Jade B and terminal deoxynucleotidyl transferase
deoxyuridine triphosphate nick-end labeling and cleaved
caspase-3 staining) and inﬂammation (assessed by inﬂammatory cell counts, myeloperoxidase staining, and
interleukin-1b staining) were also decreased in the group

A
r-Tubulin 50 kD
Caspase-3 19 kD
Control

Cleaved caspase-3
(% of r-tubulin)

B

100

Saline
Sevoflurane

Bumetanide
Sevoflurane

60
40
20
Control

Saline
Sevoflurane

Bumetanide
Sevoflurane

FIGURE 6. Bumetanide attenuates sevoflurane-induced increase in cleaved caspase-3 in postnatal day 4 rats. Rats in the
control group (control, n = 5) did not undergo anesthesia.
Brains were isolated after exposure for cleaved caspase-3
evaluation. A, Representative Western blot images of cleaved
caspase-3 in the brain of all 3 groups of rats to illustrate band
intensities. B, Histogram showing results of the densitometric
analysis of Western blot images of cleaved caspase-3. Densities
of r-tubulin blots from the same tissue sample were taken
as 100%. *P < 0.05 versus control group. #P < 0.05 versus
bumetanide/sevoflurane group. Adapted with permission
from Anesthesiol. 2010;112:567–575.
r
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that received atorvastatin. As such, these results suggest
that statins may be protective if given before peripheral
nerve insult.
The nonselective b-adrenoreceptor antagonist, propranolol, provides neuronal protection from focal
ischemic injury.239–241 Further, there exists limited data
describing the outcome after cerebral ischemia associated
with selective b1-adrenoreceptor antagonists.242 Iwata
et al243 administered either propranolol, esmolol, landiolol (esmolol and landiolol are selective antagonists for
the b1-adrenoreceptor), or saline to isoﬂurane-anesthetized rats either 30 minutes before or 60 minutes after 8
minutes of cerebral ischemia induced by bilateral carotid
occlusion with simultaneous systemic hypotension (MAP
goal of 35 mm Hg). All study drugs were administered
continuously through intravenous infusion for 5 days
after reperfusion, at which point the animal underwent
neurological testing followed by histologic analysis of the
brain. In animals that received treatment before ischemia,
there was no diﬀerence in functional outcome nor in the
fraction of nonviable neurons (identiﬁed based on
presence of cytoplasmic eosinophilia, loss of Nissl
substance, and pyknotic nuclei). Despite no diﬀerence in
functional performance among groups, animals that
received a selective b1-antagonist (ie, esmolol or landiolol)
after ischemia had signiﬁcantly fewer dead hippocampal
neurons versus the saline group. However, the number of
dead neurons was not attenuated by propanolol. In
addition, there were no diﬀerences in systemic blood
pressure or heart rate among groups in any protocol.
These data are consistent with the research of Umehara
et al244 who reported that both esmolol and landiolol,
when administered before and continued for 24 hours
after spinal cord ischemia, resulted in a signiﬁcant
attenuation of functional and histologic injury. Further
research will be required to validate these ﬁndings and
identify operant mechanisms.

Nonpharmacologic Protection
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Hypothermia has been explored as a neuroprotectant in a variety of clinical situations, some showing
promise, some showing harm, and some showing an
equivocal eﬀect.245 One subgroup of patients who may
beneﬁt from the use of mild to moderate hypothermia is
those neonates who have experienced a hypoxic-ischemia
injury during birth. Of note, perinatal asphyxia is an
important cause of neonatal morbidity and mortality
accounting for about 20% of cases of cerebral
palsy.246–248 Rutherford et al249 performed a post hoc
analysis of patients included in the Total Body Hypothermia for Neonatal Encephalopathy (TOBY) trial250 to
determine whether hypothermia in this setting reduced
the number of ischemia regions in the brain based on
MRI. In the TOBY trial, neonates with perinatal
asphyxia were randomized to receive either normothermic
(goal temperature 371C) or hypothermic (goal temperature 33 to 341C for 72 h) management. The investigation
showed no diﬀerence in death at 18 months, but there was
a reduced rate of cerebral palsy in infants who received
www.jnsa.com |
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hypothermia. One hundred thirty-one patients from the
TOBY trial had suitable imaging studies available with a
median age at the time of imaging of 8 days (range 2 to
30 d). Baseline demographics of this subset of patients did
not diﬀer between treatment groups, including Apgar
score at 10 minutes or amplitude-integrated electroencephalographic ﬁndings. Cooled infants were more likely to
be lesion-free in the basal ganglia and thalami [26 of 64
(40%) vs. 14 of 67 (21%) in non-cooled; P = 0.01],
posterior limb of the internal capsule [which contains the
corticospinal tract; 34 of 64 (53%) vs. 23 of 67 (34%) in
non-cooled; P = 0.03], and generalized white matter [23
of 64 (36%) vs. 11 of 67 (16%) in non-cooled; P = 0.01].
As such, these data further support an attenuation of
brain injury by the use of moderate hypothermia in
neonates after perinatal asphyxia.
Preconditioning refers to a strategy where some
intervention (ie, ischemia, administration of a drug) is
administered before a test insult. This intervention may
induce a change in physiology or gene expression and
regulation such that the tissue sustains a lesser injury as a
result of the test insult. Initially, this was shown in
myocardium where a subinjurious period of ischemia was
induced before a more severe ischemic insult, resulting in an
attenuation of injury from the second insult.251,252 Later,
ischemic preconditioning was found to protect against
injury to neural tissues.253–255 Recently, exposure of a tissue
remote to the site of expected ischemic insult has been
reported to cause attenuation of injuryFa concept which
has been referred to as remote ischemic preconditioning
(RIPC).256 Hu et al257 performed a small-scale, prospective,
randomized, controlled trial in humans to cervical spinal
cord insults to determine whether RIPC can impact changes
in biochemical markers of neuronal injury. This approach
was used to determine whether a larger-scale investigation,
with neurological function as a primary endpoint, would be
feasible. Fourty patients with radiologic evidence of cervical
spinal cord compression undergoing surgical decompression
and fusion were included in the investigation. Those
randomized to receive RIPC (n = 20) had three 5-minutes
cycles of right arm ischemia induced by blood pressure cuﬀ
inﬂation to 200 mm Hg, with 5 minutes reperfusion between
cycles; those randomized to the control group had a blood
pressure cuﬀ placed on their arm with no inﬂation. RIPC
was conducted after induction of anesthesia but before
commencement of surgery. The patients, surgeons, and
anesthesia providers were unaware of group assignment. All
patients underwent a standardized anesthetic consisting of
maintenance with propofol and remifentanil; no volatile
anesthetic or nitrous oxide was used. Blood samples for
determination of S-100B and neuron-speciﬁc enolase, 2
serum biomarkers of neuronal injury,223,258 were obtained
before induction of anesthesia, intraoperatively both before
and after surgical decompression of the spinal cord, and
then at 6 hours, 1, 3, 5, and 7 days after surgery. In addition,
gross neurological function was assessed by the Japanese
Orthopedic Association (JOA) criteria,259 which assesses 6
individual parameters, with a maximum score of 17
indicating best outcome. To account for preoperative
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deﬁcits, the investigators calculated a recovery ratio as
postoperative JOA score  preoperative JOA score/
(17  preoperative JOA score), where higher values indicated better functional recovery. Recovery ratio and serum
biomarker data are reported in Figure 7. Patients who
underwent RIPC had improved recovery ratios at 7 days, 1
month, and 3 months, but not at 6 months after surgery. In

FIGURE 7. Outcome after remote ischemic preconditioning in
patients with cervical myelopathy. A, Recovery ratio, (B) serum S100B concentration, and (C) Neuron-specific enolase concentration at various time points after surgery. See manuscript text for
details pertaining to the calculation of the recovery ratio. All data
represented as mean ± standard deviation. *P < 0.05 compared
with control value at the same time point. NSE indicates neuronspecific enolase; PO, postoperative; POD, postdecompression
but before emergence from anesthesia; PreD, post anesthesia
induction but before decompression; PreO, preoperative; RIPC,
remote ischemic preconditioning. Adapted with permission from
J Neurosurg Anesthesiol. 2010;22:46–52.
r
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addition, the investigators reported that, despite no
diﬀerence in either serum biomarker before surgery, RIPC
attenuated an increase in both S-100B and neuron-speciﬁc
enolase after surgery. These data support the need for
further testing of the potential beneﬁt of RIPC. Further
study of the mechanism accounting for RIPC is also needed.
Preliminary data suggest that upregulation of non-neuronal
antioxidant production260 and p38 mitogen-activated protein kinase-induced upregulation of heat-shock protein
70261 may play a role.

REFERENCES
1. Hargett MJ, Beckman JD, Liguori GA, et al. Guidelines for
regional anesthesia fellowship training. Reg Anesth Pain Med.
2005;30:218–225.
2. Lam AM. SNACC should develop neuroanesthesia practice
guidelines: the specialty needs it, the patient deserves it, and the
third party will soon demand it. J Neurosurg Anesthesiol. 2003;15:
334–336.
3. Crosby G. Neuroanesthesia practice standards: we need data, not
dogma. J Neurosurg Anesthesiol. 2003;15:337–340.
4. Albin M. Mission (not yet) accomplished! SNACC Newsletter.
2008;36:1–3.
5. Kofke A. The UCNS pathway-something for now! SNACC
Newsletter. 2008;36:3–4.
6. Mashour GA, Lauer K, Greenﬁeld ML, et al. Accreditation
and standardization of neuroanesthesia fellowship programs:
results of a specialty-wide survey. J Neurosurg Anesthesiol. 2010;22:
252–255.
7. Hughey AB, Lesniak MS, Ansari SA, et al. What will anesthesiologists be anesthetizing? trends in neurosurgical procedure usage.
Anesth Analg. 2010;110:1686–1697.
8. Healthcare Cost and Utilization Project-Nationwide Inpatient
Sample. Rockville, MD. Available at: http://www.hcup-us.ahrq.
gov. Accessed July, 2009.
9. Horner MJ, Ries LAG, Krapcho M, et al, eds. SEER Cancer
Statistics Review 1975-2006. Bethesda, MD. Available at: http://
seer.cancer.gov/csr/1975-2006. Accessed July, 2009.
10. Williams A, Gill S, Varma T, et al. Deep brain stimulation plus
best medical therapy versus best medical therapy alone for
advanced Parkinson’s disease (PD SURG trial): a randomised,
open-label trial. Lancet Neurol. 2010;9:581–591.
11. Jenkinson C, Fitzpatrick R, Peto V, et al. The Parkinson’s
Disease Questionnaire (PDQ-39): development and validation of
a Parkinson’s disease summary index score. Age Ageing. 1997;26:
353–357.
12. Hagell P. Self-reported health in people with Parkinson’s disease left
untreated at diagnosis. J Neurol Neurosurg Psychiatry. 2007;78:442.
13. Hagell P, Nygren C. The 39 item Parkinson’s disease questionnaire
(PDQ-39) revisited: implications for evidence based medicine.
J Neurol Neurosurg Psychiatry. 2007;78:1191–1198.
14. Follett KA, Weaver FM, Stern M, et al. Pallidal versus
subthalamic deep-brain stimulation for Parkinson’s disease. N
Engl J Med. 2010;362:2077–2091.
15. Samsoon GL, Young JR. Diﬃcult tracheal intubation: a retrospective study. Anaesthesia. 1987;42:487–490.
16. Schmitt H, Buchfelder M, Radespiel-Troger M, et al. Diﬃcult
intubation in acromegalic patients: incidence and predictability.
Anesthesiology. 2000;93:110–114.
17. Khan ZH, Kashﬁ A, Ebrahimkhani E. A comparison of the upper
lip bite test (a simple new technique) with modiﬁed Mallampati
classiﬁcation in predicting diﬃculty in endotracheal intubation: a
prospective blinded study. Anesth Analg. 2003;96:595–599.
18. Sharma D, Prabhakar H, Bithal PK, et al. Predicting diﬃcult
laryngoscopy in acromegaly: a comparison of upper lip bite test
with modiﬁed Mallampati classiﬁcation. J Neurosurg Anesthesiol.
2010;22:138–143.
r

2011 Lippincott Williams & Wilkins

Neuroanesthesiology Update 2010

19. Schroeder HW, Oertel J, Gaab MR. Endoscopic treatment of
cerebrospinal ﬂuid pathway obstructions. Neurosurgery. 2008;62:
1084–1092.
20. Baykan N, Isbir O, Gercek A, et al. Ten years of experience with
pediatric neuroendoscopic third ventriculostomy: features and
perioperative complications of 210 cases. J Neurosurg Anesthesiol.
2005;17:33–37.
21. Fabregas N, Valero R, Carrero E, et al. Episodic high irrigation
pressure during surgical neuroendoscopy may cause intermittent
intracranial circulatory insuﬃciency. J Neurosurg Anesthesiol.
2001;13:152–157.
22. Kalmar AF, Van Aken J, Caemaert J, et al. Value of Cushing reﬂex
as warning sign for brain ischaemia during neuroendoscopy. Br J
Anaesth. 2005;94:791–799.
23. Salvador L, Valero R, Carazo J, et al. Pressure inside the
neuroendoscope: correlation with epidural intracranial pressure
during neuroendoscopic procedures. J Neurosurg Anesthesiol.
2010;22:240–246.
24. Cullen DJ, Kirby RR. Beach chair position may decrease cerebral
perfusion-catastrophic outcomes have occurred. APSF Newsletter.
2007;22:25–27.
25. Cullen DJ, Kirby RR. Hazards of beach chair position explored.
APSF Newsletter. 2007;22:81.
26. Drummond JC, Hargens AR, Patel PM. Hydrostatic gradient is
importantFblood pressure should be corrected. APSF Newsletter.
2009;24:6.
27. Munis JR. The problems of posture, pressure, and perfusion.
APSF Newsletter. 2007;22:82–83.
28. Pohl A, Cullen DJ. Cerebral ischemia during shoulder surgery
in the upright position: a case series. J Clin Anesth. 2005;17:
463–469.
29. Murphy GS, Szokol JW, Marymont JH, et al. Cerebral oxygen
desaturation events assessed by near-infrared spectroscopy during
shoulder arthroscopy in the beach chair and lateral decubitus
positions. Anesth Analg. 2010;111:496–505.
30. Sloan T. The incidence, volume, absorption, and timing of
supratentorial pneumocephalus during posterior fossa neurosurgery conducted in the sitting position. J Neurosurg Anesthesiol.
2010;22:59–66.
31. Drummond JC. Tension pneumocephalus and intermittent drainage of ventricular CSF. Anesthesiology. 1984;60:609–610.
32. Grundy BL, Spetzler RF. Subdural pneumocephalus resulting
from drainage of cerebrospinal ﬂuid during craniotomy. Anesthesiology. 1980;52:269–271.
33. Palvolgyi R. Regional cerebral blood ﬂow in patients with
intracranial tumors. J Neurosurg. 1969;31:149–163.
34. Schmieder K, Schregel W, Harders A, et al. Dynamic cerebral
autoregulation in patients undergoing surgery for intracranial
tumors. Eur J Ultrasound. 2000;12:1–7.
35. Sharma D, Bithal PK, Dash HH, et al. Cerebral autoregulation
and CO2 reactivity before and after elective supratentorial tumor
resection. J Neurosurg Anesthesiol. 2010;22:132–137.
36. Bowie RA, Mahajan RP. Eﬀect of magnitude of the decrease in
middle cerebral artery ﬂow velocity during the hyperaemic
response test on calculated indices of autoregulation. Br J Anaesth.
1999;83:187.
37. De Salles AA, Manchola I. CO2 reactivity in arteriovenous
malformations of the brain: a transcranial Doppler ultrasound
study. J Neurosurg. 1994;80:624–630.
38. Klein KU, Schramm P, Glaser M, et al. Intraoperative monitoring
of cerebral microcirculation and oxygenationFa feasibility study
using a novel photo-spectrometric laser-Doppler ﬂowmetry.
J Neurosurg Anesthesiol. 2010;22:38–45.
39. Luostarinen T, Dilmen OK, Niiya T, et al. Eﬀect of arterial blood
pressure on the arterial to end-tidal carbon dioxide diﬀerence
during anesthesia induction in patients scheduled for craniotomy.
J Neurosurg Anesthesiol. 2010;22:303–308.
40. Buettner M, Schummer W, Huettemann E, et al. Inﬂuence of
systolic-pressure-variation-guided intraoperative ﬂuid management
on organ function and oxygen transport. Br J Anaesth. 2008;101:
194–199.

www.jnsa.com |

93

Pasternak and Lanier

41. Lopes MR, Oliveira MA, Pereira VO, et al. Goal-directed ﬂuid
management based on pulse pressure variation monitoring during
high-risk surgery: a pilot randomized controlled trial. Crit Care.
2007;11:100.
42. Michard F, Boussat S, Chemla D, et al. Relation between
respiratory changes in arterial pulse pressure and ﬂuid responsiveness in septic patients with acute circulatory failure. Am J Respir
Crit Care Med. 2000;162:134–138.
43. Qiao H, Zhang J, Liang WM. Validity of pulse pressure and
systolic blood pressure variation data obtained from a Datex
Ohmeda S/5 monitor for predicting ﬂuid responsiveness during
surgery. J Neurosurg Anesthesiol. 2010;22:316–322.
44. Sakuma J, Suzuki K, Sasaki T, et al. Monitoring and preventing
blood ﬂow insuﬃciency due to clip rotation after the treatment of
internal carotid artery aneurysms. J Neurosurg. 2004;100:960–962.
45. Suzuki K, Kodama N, Sasaki T, et al. Intraoperative monitoring of
blood ﬂow insuﬃciency in the anterior choroidal artery during
aneurysm surgery. J Neurosurg. 2003;98:507–514.
46. Szelenyi A, Langer D, Beck J, et al. Transcranial and direct cortical
stimulation for motor evoked potential monitoring in intracerebral
aneurysm surgery. Neurophysiol Clin. 2007;37:391–398.
47. Szelenyi A, Langer D, Kothbauer K, et al. Monitoring of muscle
motor evoked potentials during cerebral aneurysm surgery:
intraoperative changes and postoperative outcome. J Neurosurg.
2006;105:675–681.
48. Irie T, Yoshitani K, Ohnishi Y, et al. The eﬃcacy of motor-evoked
potentials on cerebral aneurysm surgery and new-onset postoperative motor deﬁcits. J Neurosurg Anesthesiol. 2010;22:247–251.
49. Kakimoto M, Kawaguchi M, Yamamoto Y, et al. Tetanic
stimulation of the peripheral nerve before transcranial electrical
stimulation can enlarge amplitudes of myogenic motor evoked
potentials during general anesthesia with neuromuscular blockade.
Anesthesiology. 2005;102:733–738.
50. Cupido CM, Hicks AL, Martin J. Neuromuscular fatigue during
repetitive stimulation in elderly and young adults. Eur J Appl
Physiol Occup Physiol. 1992;65:567–672.
51. Yamamoto Y, Kawaguchi M, Hayashi H, et al. Evaluation of
posttetanic motor evoked potentialsFthe inﬂuences of repetitive
use, the residual eﬀects of tetanic stimulation to peripheral nerve,
and the variability. J Neurosurg Anesthesiol. 2010;22:6–10.
52. Duﬀau H, Lopes M, Arthuis F, et al. Contribution of intraoperative electrical stimulations in surgery of low grade gliomas: a
comparative study between two series without (1985-1996) and
with (1996-2003) functional mapping in the same institution.
J Neurol Neurosurg Psychiatry. 2005;76:845–851.
53. Conte V, Magni L, Songa V, et al. Analysis of propofol/remifentanil infusion protocol for tumor surgery with intraoperative brain
mapping. J Neurosurg Anesthesiol. 2010;22:119–127.
54. Bekker A, Sturaitis MK. Dexmedetomidine for neurological
surgery. Neurosurgery. 2005;57:1–10.
55. Karlsson BR, Forsman M, Roald OK, et al. Eﬀect of dexmedetomidine, a selective and potent alpha 2-agonist, on cerebral blood
ﬂow and oxygen consumption during halothane anesthesia in dogs.
Anesth Analg. 1990;71:125–129.
56. Zornow MH, Fleischer JE, Scheller MS, et al. Dexmedetomidine,
an alpha 2-adrenergic agonist, decreases cerebral blood ﬂow in the
isoﬂurane-anesthetized dog. Anesth Analg. 1990;70:624–630.
57. Prielipp RC, Wall MH, Tobin JR, et al. Dexmedetomidine-induced
sedation in volunteers decreases regional and global cerebral blood
ﬂow. Anesth Analg. 2002;95:1052–1059.
58. Zornow MH, Maze M, Dyck JB, et al. Dexmedetomidine decreases
cerebral blood ﬂow velocity in humans. J Cereb Blood Flow Metab.
1993;13:350–353.
59. Drummond JC, Dao AV, Roth DM, et al. Eﬀect of dexmedetomidine on cerebral blood ﬂow velocity, cerebral metabolic rate, and
carbon dioxide response in normal humans. Anesthesiology.
2008;108:225–232.
60. Drummond JC, Sturaitis MK. Brain tissue oxygenation during
dexmedetomidine administration in surgical patients with neurovascular injuries. J Neurosurg Anesthesiol. 2010;22:336–341.

94 | www.jnsa.com

J Neurosurg Anesthesiol



Volume 23, Number 2, April 2011

61. Rohra DK, Saito SY, Ohizumi Y. Strain-speciﬁc eﬀects of acidic
pH on contractile state of aortas from Wistar and Wistar Kyoto
rats. Eur J Pharmacol. 2003;476:123–130.
62. Schwartz AE, Adams DC. Hypocapnia enhances the pressor eﬀect
of phenylephrine during isoﬂurane anesthesia in monkeys.
J Neurosurg Anesthesiol. 2010;22:155–157.
63. Grover AK, Crankshaw J, Triggle CR, et al. Nature of
norepinephrine-sensitive Ca-pool in rabbit aortic smooth muscle:
eﬀect of pH. Life Sci. 1983;32:1553–1558.
64. Bekker A, Sturaitis M, Bloom M, et al. The eﬀect of dexmedetomidine on perioperative hemodynamics in patients undergoing
craniotomy. Anesth Analg. 2008;107:1340–1347.
65. Bilotta F, Lam AM, Doronzio A, et al. Esmolol blunts postoperative hemodynamic changes after propofol-remifentanil total
intravenous fast-track neuroanesthesia for intracranial surgery.
J Clin Anesth. 2008;20:426–430.
66. Muzzi DA, Black S, Losasso TJ, et al. Labetalol and esmolol in the
control of hypertension after intracranial surgery. Anesth Analg.
1990;70:68–71.
67. Bekker A, Didehvar S, Kim S, et al. Eﬃcacy of clevidipine in
controlling perioperative hypertension in neurosurgical patients:
initial single-center experience. J Neurosurg Anesthesiol. 2010;22:
330–335.
68. Mordhorst C, Latz B, Kerz T, et al. Prospective assessment of
postoperative pain after craniotomy. J Neurosurg Anesthesiol.
2010;22:202–206.
69. Osborn I, Sebeo J. “Scalp block” during craniotomy: a classic
technique revisited. J Neurosurg Anesthesiol. 2010;22:187–194.
70. Bilotta F, Rosa G. Glucose management in the neurosurgical
patient: are we yet any closer? Curr Opin Anaesthesiol. 2010;23:
539–543.
71. Pasternak JJ, Lanier WL. Is nitrous oxide use appropriate in
neurosurgical and neurologically at-risk patients? Curr Opin
Anaesthesiol. 2010;23:544–550.
72. Flexman AM, Ng JL, Gelb AW. Acute and chronic pain following
craniotomy. Curr Opin Anaesthesiol. 2010;23:551–557.
73. Niemi T, Armstrong E. Thromboprophylactic management
in the neurosurgical patient with high risk for both thrombosis
and intracranial bleeding. Curr Opin Anaesthesiol. 2010;23:
558–563.
74. Klimek M, Dammers R. Antiepileptic drug therapy in the
perioperative course of neurosurgical patients. Curr Opin Anaesthesiol. 2010;23:564–567.
75. Fabregas N, Craen RA. Anaesthesia for endoscopic neurosurgical
procedures. Curr Opin Anaesthesiol. 2010;23:568–575.
76. Highton D, Elwell C, Smith M. Noninvasive cerebral oximetry: is
there light at the end of the tunnel? Curr Opin Anaesthesiol.
2010;23:576–581.
77. Goepfert CE, Ifune C, Tempelhoﬀ R. Ischemic optic neuropathy:
are we any further? Curr Opin Anaesthesiol. 2010;23:582–587.
78. Anderson SW, Todd MM, Hindman BJ, et al. Eﬀects of
intraoperative hypothermia on neuropsychological outcomes after
intracranial aneurysm surgery. Ann Neurol. 2006;60:518–527.
79. Todd MM, Hindman BJ, Clarke WR, et al. Mild intraoperative
hypothermia during surgery for intracranial aneurysm. N Engl J
Med. 2005;352:135–145.
80. Ferch R, Pasqualin A, Pinna G, et al. Temporary arterial occlusion
in the repair of ruptured intracranial aneurysms: an analysis of risk
factors for stroke. J Neurosurg. 2002;97:836–842.
81. Ogilvy CS, Carter BS, Kaplan S, et al. Temporary vessel occlusion
for aneurysm surgery: risk factors for stroke in patients protected
by induced hypothermia and hypertension and intravenous
mannitol administration. J Neurosurg. 1996;84:785–791.
82. Samson D, Batjer HH, Bowman G, et al. A clinical study of the
parameters and eﬀects of temporary arterial occlusion in the
management of intracranial aneurysms. Neurosurgery. 1994;34:
22–28.
83. Lavine SD, Masri LS, Levy ML, et al. Temporary occlusion of the
middle cerebral artery in intracranial aneurysm surgery: time
limitation and advantage of brain protection. J Neurosurg.
1997;87:817–824.
r

2011 Lippincott Williams & Wilkins

J Neurosurg Anesthesiol



Volume 23, Number 2, April 2011

84. Hindman BJ, Bayman EO, Pﬁsterer WK, et al. No association
between intraoperative hypothermia or supplemental protective
drug and neurologic outcomes in patients undergoing temporary
clipping during cerebral aneurysm surgery: ﬁndings from the
intraoperative hypothermia for aneurysm surgery trial. Anesthesiology. 2010;112:86–101.
85. de Oliveira JG, Beck J, Ulrich C, et al. Comparison between
clipping and coiling on the incidence of cerebral vasospasm after
aneurysmal subarachnoid hemorrhage: a systematic review and
meta-analysis. Neurosurg Rev. 2007;30:22–30.
86. Hoh BL, Topcuoglu MA, Singhal AB, et al. Eﬀect of clipping,
craniotomy, or intravascular coiling on cerebral vasospasm and
patient outcome after aneurysmal subarachnoid hemorrhage.
Neurosurgery. 2004;55:779–786.
87. Hohlrieder M, Spiegel M, Hinterhoelzl J, et al. Cerebral vasospasm
and ischaemic infarction in clipped and coiled intracranial
aneurysm patients. Eur J Neurol. 2002;9:389–399.
88. Natarajan SK, Sekhar LN, Ghodke B, et al. Outcomes of ruptured
intracranial aneurysms treated by microsurgical clipping and
endovascular coiling in a high-volume center. AJNR Am J
Neuroradiol. 2008;29:753–759.
89. Dumont AS, Crowley RW, Monteith SJ, et al. Endovascular
treatment or neurosurgical clipping of ruptured intracranial
aneurysms: eﬀect on angiographic vasospasm, delayed ischemic
neurological deﬁcit, cerebral infarction, and clinical outcome.
Stroke. 2010;41:2519–2524.
90. Macdonald RL, Kassell NF, Mayer S, et al. Clazosentan to
overcome neurological ischemia and infarction occurring after
subarachnoid hemorrhage (CONSCIOUS-1): randomized, doubleblind, placebo-controlled phase 2 dose-ﬁnding trial. Stroke.
2008;39:3015–3021.
91. Giller CA, Wills MJ, Giller AM, et al. Distribution of hematocrit
values after aneurysmal subarachnoid hemorrhage. J Neuroimaging. 1998;8:169–170.
92. Diedler J, Sykora M, Hahn P, et al. Low hemoglobin is associated
with poor functional outcome after non-traumatic, supratentorial
intracerebral hemorrhage. Crit Care. 2010;14:R63.
93. Sampson TR, Dhar R, Diringer MN. Factors associated with the
development of anemia after subarachnoid hemorrhage. Neurocrit
Care. 2010;12:4–9.
94. Kurtz P, Schmidt JM, Claassen J, et al. Anemia is associated with
metabolic distress and brain tissue hypoxia after subarachnoid
hemorrhage. Neurocrit Care. 2010;13:10–16.
95. Levine J, Kofke A, Cen L, et al. Red blood cell transfusion is
associated with infection and extracerebral complications after
subarachnoid hemorrhage. Neurosurgery. 2010;66:312–318.
96. Naidech AM, Shaibani A, Garg RK, et al. Prospective, randomized trial of higher goal hemoglobin after subarachnoid hemorrhage. Neurocrit Care. 2010;13:313–320.
97. Gandhi GY, Nuttall GA, Abel MD, et al. Intraoperative
hyperglycemia and perioperative outcomes in cardiac surgery
patients. Mayo Clin Proc. 2005;80:862–866.
98. Lanier WL, Stangland KJ, Scheithauer BW, et al. The eﬀects of
dextrose infusion and head position on neurologic outcome after
complete cerebral ischemia in primates: examination of a model.
Anesthesiology. 1987;66:39–48.
99. Wass CT, Lanier WL. Glucose modulation of ischemic brain
injury: review and clinical recommendations. Mayo Clin Proc.
1996;71:801–812.
100. Weir CJ, Murray GD, Dyker AG, et al. Is hyperglycaemia an
independent predictor of poor outcome after acute stroke? results
of a long-term follow up study. BMJ. 1997;314:1303–1306.
101. Bilotta F, Caramia R, Paoloni FP, et al. Safety and eﬃcacy of
intensive insulin therapy in critical neurosurgical patients.
Anesthesiology. 2009;110:611–619.
102. Thiele RH, Pouratian N, Zuo Z, et al. Strict glucose control does
not aﬀect mortality after aneurysmal subarachnoid hemorrhage.
Anesthesiology. 2009;110:603–610.
103. Oddo M, Schmidt JM, Carrera E, et al. Impact of tight glycemic
control on cerebral glucose metabolism after severe brain injury: a
microdialysis study. Crit Care Med. 2008;36:3233–3238.
r

2011 Lippincott Williams & Wilkins

Neuroanesthesiology Update 2010

104. Helbok R, Schmidt JM, Kurtz P, et al. Systemic glucose and brain
energy metabolism after subarachnoid hemorrhage. Neurocrit
Care. 2010;12:317–323.
105. Naidech AM, Levasseur K, Liebling S, et al. Moderate Hypoglycemia is associated with vasospasm, cerebral infarction, and 3month disability after subarachnoid hemorrhage. Neurocrit Care.
2010;12:181–187.
106. Boet R, Mee E. Magnesium sulfate in the management of patients
with Fisher grade 3 subarachnoid hemorrhage: a pilot study.
Neurosurgery. 2000;47:602–606.
107. Chia RY, Hughes RS, Morgan MK. Magnesium: a useful adjunct
in the prevention of cerebral vasospasm following aneurysmal
subarachnoid haemorrhage. J Clin Neurosci. 2002;9:279–281.
108. Muroi C, Terzic A, Fortunati M, et al. Magnesium sulfate in the
management of patients with aneurysmal subarachnoid hemorrhage: a randomized, placebo-controlled, dose-adapted trial. Surg
Neurol. 2008;69:33–39.
109. van den Bergh WM, Algra A, van Kooten F, et al. Magnesium
sulfate in aneurysmal subarachnoid hemorrhage: a randomized
controlled trial. Stroke. 2005;36:1011–1015.
110. Wong GK, Chan MT, Boet R, et al. Intravenous magnesium
sulfate after aneurysmal subarachnoid hemorrhage: a prospective
randomized pilot study. J Neurosurg Anesthesiol. 2006;18:
142–148.
111. Dorhout Mees SM, Bertens D, van der Worp HB, et al.
Magnesium and headache after aneurysmal subarachnoid haemorrhage. J Neurol Neurosurg Psychiatry. 2010;81:490–493.
112. Dorhout Mees SM, van den Bergh WM, Algra A, et al. Achieved
serum magnesium concentrations and occurrence of delayed
cerebral ischaemia and poor outcome in aneurysmal subarachnoid
haemorrhage. J Neurol Neurosurg Psychiatry. 2007;78:729–731.
113. Wong GK, Poon WS, Chan MT, et al. Plasma magnesium
concentrations and clinical outcomes in aneurysmal subarachnoid
hemorrhage patients: post hoc analysis of intravenous magnesium
sulphate for aneurysmal subarachnoid hemorrhage trial. Stroke.
2010;41:1841–1844.
114. Westermaier T, Stetter C, Vince GH, et al. Prophylactic
intravenous magnesium sulfate for treatment of aneurysmal
subarachnoid hemorrhage: a randomized, placebo-controlled,
clinical study. Crit Care Med. 2010;38:1284–1290.
115. Wong GK, Poon WS, Chan MT, et al. Intravenous magnesium
sulphate for aneurysmal subarachnoid hemorrhage (IMASH): a
randomized, double-blinded, placebo-controlled, multicenter phase
III trial. Stroke. 2010;41:921–926.
116. Ma L, Liu WG, Zhang JM, et al. Magnesium sulphate in the
management of patients with aneurysmal subarachnoid haemorrhage: a meta-analysis of prospective controlled trials. Brain Inj.
2010;24:730–735.
117. Prevedello DM, Cordeiro JG, de Morais AL, et al. Magnesium
sulfate: role as possible attenuating factor in vasospasm morbidity.
Surg Neurol. 2006;65(suppl 1):14–20.
118. van Norden AG, van den Bergh WM, Rinkel GJ. Dose evaluation
for long-term magnesium treatment in aneurysmal subarachnoid
haemorrhage. J Clin Pharm Ther. 2005;30:439–442.
119. Veyna RS, Seyfried D, Burke DG, et al. Magnesium sulfate
therapy after aneurysmal subarachnoid hemorrhage. J Neurosurg.
2002;96:510–514.
120. Kramer AH, Fletcher JJ. Statins in the management of patients
with aneurysmal subarachnoid hemorrhage: a systematic review
and meta-analysis. Neurocrit Care. 2010;12:285–296.
121. Avitsian R, Fiorella D, Soliman MM, et al. Anesthetic considerations of selective intra-arterial nicardipine injection for intracranial
vasospasm: a case series. J Neurosurg Anesthesiol. 2007;19:125–129.
122. Schmidt U, Bittner E, Pivi S, et al. Hemodynamic management and
outcome of patients treated for cerebral vasospasm with intraarterial nicardipine and/or milrinone. Anesth Analg. 2010;110:
895–902.
123. Caner H, Oruckaptan H, Bolay H, et al. The role of lipid
peroxidation in the genesis of vasospasm secondary to subarachnoid hemorrhage. Kobe J Med Sci. 1991;37:13–20.

www.jnsa.com |

95

Pasternak and Lanier

124. Takasago T, Peters EE, Graham DI, et al. Neuroprotective eﬃcacy
of ebselen, an anti-oxidant with anti-inﬂammatory actions, in a
rodent model of permanent middle cerebral artery occlusion. Br J
Pharmacol. 1997;122:1251–1256.
125. Battin EE, Brumaghim JL. Antioxidant activity of sulfur and
selenium: a review of reactive oxygen species scavenging,
glutathione peroxidase, and metal-binding antioxidant mechanisms. Cell Biochem Biophys. 2009;55:1–23.
126. Kocaogullar Y, Ilik K, Esen H, et al. Preventive eﬀects of
intraperitoneal selenium on cerebral vasospasm in experimental
subarachnoid hemorrhage. J Neurosurg Anesthesiol. 2010;22:53–58.
127. Spallone A, Pastore FS. Cerebral vasospasm in a double-injection
model in rabbit. Surg Neurol. 1989;32:408–417.
128. Yang G, Zhou R. Further observations on the human maximum
safe dietary selenium intake in a seleniferous area of China. J Trace
Elem Electrolytes Health Dis. 1994;8:159–165.
129. Groﬀ MW, Adams DC, Kahn RA, et al. Adenosine-induced
transient asystole for management of a basilar artery aneurysm:
case report. J Neurosurg. 1999;91:687–690.
130. Hashimoto T, Young WL, Aagaard BD, et al. Adenosine-induced
ventricular asystole to induce transient profound systemic hypotension in patients undergoing endovascular therapy: doseresponse characteristics. Anesthesiology. 2000;93:998–1001.
131. Heppner PA, Ellegala DB, Robertson N, et al. Basilar tip
aneurysm-adenosine induced asystole for the treatment of a basilar
tip aneurysm following failure of temporary clipping. Acta
Neurochir (Wien). 2007;149:517–520.
132. Owall A, Gordon E, Lagerkranser M, et al. Clinical experience
with adenosine for controlled hypotension during cerebral aneurysm surgery. Anesth Analg. 1987;66:229–234.
133. Luostarinen T, Takala RS, Niemi TT, et al. Adenosine-induced
cardiac arrest during intraoperative cerebral aneurysm rupture.
World Neurosurg. 2010;73:79–83.
134. Bebawy JF, Gupta DK, Bendok BR, et al. Adenosine-induced ﬂow
arrest to facilitate intracranial aneurysm clip ligation: doseresponse data and safety proﬁle. Anesth Analg. 2010;110:
1406–1411.
135. Powers CJ, Wright DR, McDonagh DL, et al. Transient
adenosine-induced asystole during the surgical treatment of
anterior circulation cerebral aneurysms: technical note. Neurosurgery. 2010;67:461–470.
136. Halliday A, Harrison M, Hayter E, et al. 10-year stroke prevention
after successful carotid endarterectomy for asymptomatic stenosis
(ACST-1): a multicentre randomised trial. Lancet. 2010;376:1074–1084.
137. European Carotid Surgery Trialists’ Collaborative Group. Randomised trial of endarterectomy for recently symptomatic carotid
stenosis: ﬁnal results of the MRC European carotid surgery trial
(ECST). Lancet. 1998;351:1379–1387.
138. Barnett HJ, Taylor DW, Eliasziw M, et al. Beneﬁt of carotid
endarterectomy in patients with symptomatic moderate or severe
stenosis: North American symptomatic carotid endarterectomy
trial collaborators. N Engl J Med. 1998;339:1415–1425.
139. Perkins WJ, Lanzino G, Brott TG. Carotid stenting versus
endarterectomy: new results in perspective. Mayo Clin Proc. 2010;
85:1101–1108.
140. Adams HP Jr. Management of carotid artery stenosis: endarterectomy or stenting? Mayo Clin Proc. 2010;85:1071–1072.
141. CAVATAS Investigators. Endovascular versus surgical treatment
in patients with carotid stenosis in the carotid and vertebral artery
transluminal angioplasty study (CAVATAS): a randomised trial.
Lancet. 2001;357:1729–1737.
142. Eckstein HH, Ringleb P, Allenberg JR, et al. Results of the stentprotected angioplasty versus carotid endarterectomy (SPACE)
study to treat symptomatic stenoses at 2 years: a multinational,
prospective, randomised trial. Lancet Neurol. 2008;7:893–902.
143. Gurm HS, Yadav JS, Fayad P, et al. Long-term results of carotid
stenting versus endarterectomy in high-risk patients. N Engl J Med.
2008;358:1572–1579.
144. Mas JL, Chatellier G, Beyssen B, et al. Endarterectomy versus
stenting in patients with symptomatic severe carotid stenosis. N
Engl J Med. 2006;355:1660–1671.

96 | www.jnsa.com

J Neurosurg Anesthesiol



Volume 23, Number 2, April 2011

145. McCabe DJ, Pereira AC, Clifton A, et al. Restenosis after carotid
angioplasty, stenting, or endarterectomy in the carotid and
vertebral artery transluminal angioplasty study (CAVATAS).
Stroke. 2005;36:281–286.
146. Yadav JS, Wholey MH, Kuntz RE, et al. Protected carotid-artery
stenting versus endarterectomy in high-risk patients. N Engl J Med.
2004;351:1493–1501.
147. Brott TG, Hobson RW II, Howard G, et al. Stenting versus
endarterectomy for treatment of carotid-artery stenosis. N Engl J
Med. 2010;363:11–23.
148. Mantese VA, Timaran CH, Chiu D, et al. The carotid revascularization endarterectomy versus stenting trial (CREST): stenting versus
carotid endarterectomy for carotid disease. Stroke. 2010;41:S31–S34.
149. Bonati LH, Dobson J, Algra A, et al. Short-term outcome after
stenting versus endarterectomy for symptomatic carotid stenosis: a
preplanned meta-analysis of individual patient data. Lancet.
2010;376:1062–1073.
150. Ederle J, Dobson J, Featherstone RL, et al. Carotid artery stenting
compared with endarterectomy in patients with symptomatic carotid
stenosis (International Carotid Stenting Study): an interim analysis of
a randomised controlled trial. Lancet. 2010;375:985–997.
151. Bonati LH, Jongen LM, Haller S, et al. New ischaemic brain
lesions on MRI after stenting or endarterectomy for symptomatic
carotid stenosis: a substudy of the international carotid stenting
study (ICSS). Lancet Neurol. 2010;9:353–362.
152. Young KC, Holloway RG, Burgin WS, et al. A cost-eﬀectiveness
analysis of carotid artery stenting compared with endarterectomy.
J Stroke Cerebrovasc Dis. 2010;19:404–409.
153. Macdonald S, Evans DH, Griﬃths PD, et al. Filter-protected
versus unprotected carotid artery stenting: a randomised trial.
Cerebrovasc Dis. 2010;29:282–289.
154. Fan L, Evans DH. A real-time and ﬁne resolution analyser used to
estimate the instantaneous energy distribution of Doppler signals.
Ultrasound Med Biol. 1994;20:445–462.
155. Smith JL, Evans DH, Fan L, et al. Interpretation of embolic
phenomena during carotid endarterectomy. Stroke. 1995;26:2281–2284.
156. Halsey JH Jr. Risks and beneﬁts of shunting in carotid
endarterectomy: the international transcranial Doppler collaborators. Stroke. 1992;23:1583–1587.
157. Cao P, Giordano G, Zannetti S, et al. Transcranial Doppler
monitoring during carotid endarterectomy: is it appropriate for
selecting patients in need of a shunt? J Vasc Surg. 1997;26:973–979.
158. Mazul-Sunko B, Hromatko I, Tadinac M, et al. Subclinical
neurocognitive dysfunction after carotid endarterectomy-the impact of shunting. J Neurosurg Anesthesiol. 2010;22:195–201.
159. Moritz S, Schmidt C, Bucher M, et al. Neuromonitoring in carotid
surgery: are the results obtained in awake patients transferable to
patients under sevoﬂurane/fentanyl anesthesia? J Neurosurg
Anesthesiol. 2010;22:288–295.
160. Shakespeare WA, Lanier WL, Perkins WJ, et al. Airway management in patients who develop neck hematomas after carotid
endarterectomy. Anesth Analg. 2010;110:588–593.
161. Erickson KM, Cole DJ. Carotid artery disease: stenting versus
endarterectomy. Br J Anaesth. 2010;105(suppl 1):34–49.
162. Deyo RA, Mirza SK, Martin BI, et al. Trends, major medical
complications, and charges associated with surgery for lumbar
spinal stenosis in older adults. JAMA. 2010;303:1259–1265.
163. Jung A, Schramm J. How to reduce recurrent laryngeal nerve palsy
in anterior cervical spine surgery: a prospective observational
study. Neurosurgery. 2010;67:10–15.
164. Jung A, Schramm J, Lehnerdt K, et al. Recurrent laryngeal nerve
palsy during anterior cervical spine surgery: a prospective study.
J Neurosurg Spine. 2005;2:123–127.
165. Shribman AJ, Smith G, Achola KJ. Cardiovascular and catecholamine responses to laryngoscopy with and without tracheal
intubation. Br J Anaesth. 1987;59:295–299.
166. Yoo KY, Jeong CW, Kim SJ, et al. Altered cardiovascular
responses to tracheal intubation in patients with complete spinal
cord injury: relation to time course and aﬀected level. Br J Anaesth.
2010;105:753–759.
r

2011 Lippincott Williams & Wilkins

J Neurosurg Anesthesiol



Volume 23, Number 2, April 2011

167. Sahni V, Kessler JA. Stem cell therapies for spinal cord injury. Nat
Rev Neurol. 2010;6:363–372.
168. Osada T, Watanabe M, Hasuo A, et al. Eﬃcacy of the
coadministration of granulocyte colony-stimulating factor and
stem cell factor in the activation of intrinsic cells after spinal cord
injury in mice. J Neurosurg Spine. 2010;13:516–523.
169. Wright LS, Prowse KR, Wallace K, et al. Human progenitor cells
isolated from the developing cortex undergo decreased neurogenesis and eventual senescence following expansion in vitro. Exp Cell
Res. 2006;312:2107–2120.
170. Hu SL, Luo HS, Li JT, et al. Functional recovery in acute traumatic
spinal cord injury after transplantation of human umbilical cord
mesenchymal stem cells. Crit Care Med. 2010;38:2181–2189.
171. Bone M, Critchley P, Buggy DJ. Gabapentin in postamputation
phantom limb pain: a randomized, double-blind, placebo-controlled, cross-over study. Reg Anesth Pain Med. 2002;27:481–486.
172. Pandey CK, Bose N, Garg G, et al. Gabapentin for the treatment
of pain in guillain-barre syndrome: a double-blinded, placebocontrolled, crossover study. Anesth Analg. 2002;95:1719–1723.
173. Pandey CK, Priye S, Singh S, et al. Preemptive use of gabapentin
signiﬁcantly decreases postoperative pain and rescue analgesic
requirements in laparoscopic cholecystectomy. Can J Anaesth.
2004;51:358–363.
174. Pandey CK, Singhal V, Kumar M, et al. Gabapentin provides
eﬀective postoperative analgesia whether administered pre-emptively or post-incision. Can J Anaesth. 2005;52:827–831.
175. Pandey CK, Navkar DV, Giri PJ, et al. Evaluation of the optimal
preemptive dose of gabapentin for postoperative pain relief after
lumbar diskectomy: a randomized, double-blind, placebo-controlled study. J Neurosurg Anesthesiol. 2005;17:65–68.
176. Rusy LM, Hainsworth KR, Nelson TJ, et al. Gabapentin use in
pediatric spinal fusion patients: a randomized, double-blind,
controlled trial. Anesth Analg. 2010;110:1393–1398.
177. Carstensen M, Moller AM. Adding ketamine to morphine for
intravenous patient-controlled analgesia for acute postoperative
pain: a qualitative review of randomized trials. Br J Anaesth.
2010;104:401–406.
178. Subramaniam K, Subramaniam B, Steinbrook RA. Ketamine as
adjuvant analgesic to opioids: a quantitative and qualitative
systematic review. Anesth Analg. 2004;99:482–495.
179. Loftus RW, Yeager MP, Clark JA, et al. Intraoperative ketamine
reduces perioperative opiate consumption in opiate-dependent
patients with chronic back pain undergoing back surgery.
Anesthesiology. 2010;113:639–646.
180. Amr YM. Multi-day low dose ketamine infusion as adjuvant to
oral gabapentin in spinal cord injury related chronic pain: a
prospective, randomized, double blind trial. Pain Physician.
2010;13:245–249.
181. Elder JB, Hoh DJ, Liu CY, et al. Postoperative continuous
paravertebral anesthetic infusion for pain control in posterior
cervical spine surgery: a case-control study. Neurosurgery.
2010;66:99–106.
182. Han JS, Chen XH, Sun SL, et al. Eﬀect of low- and high-frequency
TENS on Met-enkephalin-Arg-Phe and dynorphin A immunoreactivity in human lumbar CSF. Pain. 1991;47:295–298.
183. Breit R, Van der Wall H. Transcutaneous electrical nerve
stimulation for postoperative pain relief after total knee arthroplasty. J Arthroplasty. 2004;19:45–48.
184. Hamza MA, White PF, Ahmed HE, et al. Eﬀect of the frequency of
transcutaneous electrical nerve stimulation on the postoperative
opioid analgesic requirement and recovery proﬁle. Anesthesiology.
1999;91:1232–1238.
185. Likar R, Molnar M, Pipam W, et al. Postoperative transcutaneous
electrical nerve stimulation (TENS) in shoulder surgery (randomized, double blind, placebo controlled pilot trial). Schmerz.
2001;15:158–163.
186. Unterrainer AF, Friedrich C, Krenn MH, et al. Postoperative and
preincisional electrical nerve stimulation TENS reduce postoperative opioid requirement after major spinal surgery. J Neurosurg
Anesthesiol. 2010;22:1–5.
r

2011 Lippincott Williams & Wilkins

Neuroanesthesiology Update 2010

187. Juul N, Morris GF, Marshall SB, et al. Intracranial hypertension and
cerebral perfusion pressure: inﬂuence on neurological deterioration
and outcome in severe head injury. The Executive Committee of the
International Selfotel Trial. J Neurosurg. 2000;92:1–6.
188. Murray GD, Butcher I, McHugh GS, et al. Multivariable
prognostic analysis in traumatic brain injury: results from the
IMPACT study. J Neurotrauma. 2007;24:329–337.
189. Bremmer R, de Jong BM, Wagemakers M, et al. The course
of intracranial pressure in traumatic brain injury: relation
with outcome and CT-characteristics. Neurocrit Care. 2010;12:
362–368.
190. Biswas AK, Summerauer JF. Heart rate variability and brain
death. J Neurosurg Anesthesiol. 2004;16:62.
191. Conci F, Di Rienzo M, Castiglioni P. Blood pressure and heart rate
variability and baroreﬂex sensitivity before and after brain death.
J Neurol Neurosurg Psychiatry. 2001;71:621–631.
192. Hon EH, Lee ST. Electronic evaluation of the fetal heart rate:
patterns preceding fetal death, further observations. Am J Obstet
Gynecol. 1963;87:814–826.
193. Kleiger RE, Miller JP, Bigger JT Jr, et al. Decreased heart rate
variability and its association with increased mortality after acute
myocardial infarction. Am J Cardiol. 1987;59:256–262.
194. Mowery NT, Norris PR, Riordan W, et al. Cardiac uncoupling and
heart rate variability are associated with intracranial hypertension
and mortality: a study of 145 trauma patients with continuous
monitoring. J Trauma. 2008;65:621–627.
195. Kahraman S, Dutton RP, Hu P, et al. Heart rate and pulse
pressure variability are associated with intractable intracranial
hypertension after severe traumatic brain injury. J Neurosurg
Anesthesiol. 2010;22:296–302.
196. Kerwin AJ, Schinco MA, Tepas JJ III, et al. The use of 23.4%
hypertonic saline for the management of elevated intracranial
pressure in patients with severe traumatic brain injury: a pilot
study. J Trauma. 2009;67:277–282.
197. Oddo M, Levine JM, Frangos S, et al. Eﬀect of mannitol and
hypertonic saline on cerebral oxygenation in patients with severe
traumatic brain injury and refractory intracranial hypertension.
J Neurol Neurosurg Psychiatry. 2009;80:916–920.
198. White H, Cook D, Venkatesh B. The use of hypertonic saline for
treating intracranial hypertension after traumatic brain injury.
Anesth Analg. 2006;102:1836–1846.
199. Hansen PB, Jensen BL, Skott O. Chloride regulates aﬀerent
arteriolar contraction in response to depolarization. Hypertension.
1998;32:1066–1070.
200. Qureshi AI, Suarez JI, Bhardwaj A, et al. Use of hypertonic (3%)
saline/acetate infusion in the treatment of cerebral edema: eﬀect on
intracranial pressure and lateral displacement of the brain. Crit
Care Med. 1998;26:440–446.
201. Schwarz S, Georgiadis D, Aschoﬀ A, et al. Eﬀects of hypertonic
(10%) saline in patients with raised intracranial pressure after
stroke. Stroke. 2002;33:136–140.
202. Wilcox CS. Regulation of renal blood ﬂow by plasma chloride.
J Clin Invest. 1983;71:726–735.
203. Bourdeaux C, Brown J. Sodium bicarbonate lowers intracranial
pressure after traumatic brain injury. Neurocrit Care. 2010;13:24–28.
204. Meyer MJ, Megyesi J, Meythaler J, et al. Acute management of
acquired brain injury part I: an evidence-based review of nonpharmacological interventions. Brain Inj. 2010;24:694–705.
205. Meyer MJ, Megyesi J, Meythaler J, et al. Acute management of
acquired brain injury part II: an evidence-based review of
pharmacological interventions. Brain Inj. 2010;24:706–721.
206. Meyer MJ, Megyesi J, Meythaler J, et al. Acute management of
acquired brain injury Part III: an evidence-based review of
interventions used to promote arousal from coma. Brain Inj.
2010;24:722–729.
207. Teig M, Smith M. Where should patients with severe traumatic
brain injury be managed? all patient should be managed in a
neurocritical care unit. J Neurosurg Anesthesiol. 2010;22:357–359.
208. Petsas A, Waldmann C. Where should patients with severe traumatic
brain injury be managed? patients can be safely managed in a
nonspecialist center. J Neurosurg Anesthesiol. 2010;22:354–356.

www.jnsa.com |

97

Pasternak and Lanier

209. Mantz J, Degos V, Laigle C. Recent advances in pharmacologic
neuroprotection. Eur J Anaesthesiol. 2010;27:6–10.
210. Blaylock M, Engelhardt T, Bissonnette B. Fundamentals of
neuronal apoptosis relevant to pediatric anesthesia. Paediatr
Anaesth. 2010;20:383–395.
211. Creeley CE, Olney JW. The young: neuroapoptosis induced by
anesthetics and what to do about it. Anesth Analg. 2010;110:442–448.
212. Tang J, Eckenhoﬀ MF, Eckenhoﬀ RG. Anesthesia and the old
brain. Anesth Analg. 2010;110:421–426.
213. Sanders RD, Manning HJ, Robertson NJ, et al. Preconditioning
and postinsult therapies for perinatal hypoxic-ischemic injury at
term. Anesthesiology. 2010;113:233–249.
214. Jevtovic-Todorovic V, Hartman RE, Izumi Y, et al. Early exposure
to common anesthetic agents causes widespread neurodegeneration
in the developing rat brain and persistent learning deﬁcits.
J Neurosci. 2003;23:876–882.
215. Yon JH, Daniel-Johnson J, Carter LB, et al. Anesthesia induces
neuronal cell death in the developing rat brain via the intrinsic and
extrinsic apoptotic pathways. Neuroscience. 2005;135:815–827.
216. Jevtovic-Todorovic V, Olney JW. PRO: anesthesia-induced developmental neuroapoptosis: status of the evidence. Anesth Analg.
2008;106:1659–1663.
217. Brambrink AM, Evers AS, Avidan MS, et al. Isoﬂurane-induced
neuroapoptosis in the neonatal rhesus macaque brain. Anesthesiology. 2010;112:834–841.
218. Culley DJ, Xie Z, Crosby G. General anesthetic-induced neurotoxicity: an emerging problem for the young and old? Curr Opin
Anaesthesiol. 2007;20:408–413.
219. DiMaggio C, Sun LS, Kakavouli A, et al. A retrospective cohort
study of the association of anesthesia and hernia repair surgery
with behavioral and developmental disorders in young children.
J Neurosurg Anesthesiol. 2009;21:286–291.
220. Wilder RT, Flick RP, Sprung J, et al. Early exposure to anesthesia
and learning disabilities in a population-based birth cohort.
Anesthesiology. 2009;110:796–804.
221. Gao Y, Liang W, Hu X, et al. Neuroprotection against hypoxicischemic brain injury by inhibiting the apoptotic protease activating factor-1 pathway. Stroke. 2010;41:166–172.
222. Liang G, Ward C, Peng J, et al. Isoﬂurane causes greater
neurodegeneration than an equivalent exposure of sevoﬂurane in
the developing brain of neonatal mice. Anesthesiology. 2010;112:
1325–1334.
223. Moritz S, Warnat J, Bele S, et al. The prognostic value of NSE and
S100B from serum and cerebrospinal ﬂuid in patients with
spontaneous subarachnoid hemorrhage. J Neurosurg Anesthesiol.
2010;22:21–31.
224. Briner A, De Roo M, Dayer A, et al. Volatile anesthetics rapidly
increase dendritic spine density in the rat medial prefrontal cortex
during synaptogenesis. Anesthesiology. 2010;112:546–556.
225. McKernan RM, Whiting PJ. Which GABAA-receptor subtypes
really occur in the brain? Trends Neurosci. 1996;19:139–143.
226. Brooks-Kayal AR, Pritchett DB. Developmental changes in
human gamma-aminobutyric acidA receptor subunit composition.
Ann Neurol. 1993;34:687–693.
227. Mihic SJ, Ye Q, Wick MJ, et al. Sites of alcohol and volatile
anaesthetic action on GABA(A) and glycine receptors. Nature.
1997;389:385–389.
228. Piehl E, Foley L, Barron M, et al. The eﬀect of sevoﬂurane on
neuronal degeneration and GABAA subunit composition in a
developing rat model of organotypic hippocampal slice cultures.
J Neurosurg Anesthesiol. 2010;22:220–229.
229. Dzhala VI, Talos DM, Sdrulla DA, et al. NKCC1 transporter
facilitates seizures in the developing brain. Nat Med. 2005;11:
1205–1213.
230. Edwards DA, Shah HP, Cao W, et al. Bumetanide alleviates
epileptogenic and neurotoxic eﬀects of sevoﬂurane in neonatal rat
brain. Anesthesiology. 2010;112:567–575.
231. Kalenka A, Gross B, Maurer MH, et al. Isoﬂurane anesthesia
elicits protein pattern changes in rat hippocampus. J Neurosurg
Anesthesiol. 2010;22:144–154.

98 | www.jnsa.com

J Neurosurg Anesthesiol



Volume 23, Number 2, April 2011

232. Stratmann G, Sall JW, May LDV, et al. Beyond anesthetic
properties: the eﬀects of isoﬂurane on brain cell death, neurogenesis,
and long-term neurocognitive function. Anesth Analg. 2010;110:
431–437.
233. Vaughan CJ, Delanty N. Neuroprotective properties of statins in
cerebral ischemia and stroke. Stroke. 1999;30:1969–1973.
234. Endoh M, Maiese K, Wagner J. Expression of the inducible form
of nitric oxide synthase by reactive astrocytes after transient global
ischemia. Brain Res. 1994;651:92–100.
235. Scandinavian Simvastatin Survival Study Group. Randomised trial
of cholesterol lowering in 4444 patients with coronary heart
disease: the Scandinavian Simvastatin Survival Study (4S). Lancet.
1994;344:1383–1389.
236. Amarenco P, Bogousslavsky J, Callahan A III, et al. High-dose
atorvastatin after stroke or transient ischemic attack. N Engl J
Med. 2006;355:549–559.
237. Fu JH, Mok V, Lam W, et al. Eﬀects of statins on progression of
subclinical brain infarct. Cerebrovasc Dis. 2010;30:51–56.
238. Pan HC, Yang DY, Ou YC, et al. Neuroprotective eﬀect of
atorvastatin in an experimental model of nerve crush injury.
Neurosurgery. 2010;67:376–388.
239. Capraro JA, Reedy DP, Latchaw JP, et al. Treatment of
acute focal cerebral ischemia with propranolol. Stroke. 1984;15:
486–491.
240. Latchaw JP, Little JR, Slugg RM, et al. Treatment of acute focal
cerebral ischemia and recirculation with d-propranolol. Neurosurgery. 1985;16:18–22.
241. Standefer M, Little JR. Improved neurological outcome in
experimental focal cerebral ischemia treated with propranolol.
Neurosurgery. 1986;18:136–140.
242. Kawaguchi M, Utada K, Yoshitani K, et al. Eﬀects of a shortacting [beta]1 receptor antagonist landiolol on hemodynamics and
tissue injury markers in patients with subarachnoid hemorrhage
undergoing intracranial aneurysm surgery. J Neurosurg Anesthesiol. 2010;22:230–239.
243. Iwata M, Inoue S, Kawaguchi M, et al. Posttreatment but
not pretreatment with selective beta-adrenoreceptor 1 antagonists
provides neuroprotection in the hippocampus in rats subjected
to transient forebrain ischemia. Anesth Analg. 2010;110:
1126–1132.
244. Umehara S, Goyagi T, Nishikawa T, et al. Esmolol and landiolol,
selective beta1-adrenoreceptor antagonists, provide neuroprotection against spinal cord ischemia and reperfusion in rats. Anesth
Analg. 2010;110:1133–1137.
245. Yenari MA, Hemmen TM. Therapeutic hypothermia for brain
ischemia: where have we come and where do we go? Stroke.
2010;41:S72–S74.
246. Badawi N, Felix JF, Kurinczuk JJ, et al. Cerebral palsy following
term newborn encephalopathy: a population-based study. Dev Med
Child Neurol. 2005;47:293–298.
247. Gluckman PD, Wyatt JS, Azzopardi D, et al. Selective head
cooling with mild systemic hypothermia after neonatal encephalopathy: multicentre randomised trial. Lancet. 2005;365:663–670.
248. Shankaran S, Laptook AR, Ehrenkranz RA, et al. Whole-body
hypothermia for neonates with hypoxic-ischemic encephalopathy.
N Engl J Med. 2005;353:1574–1584.
249. Rutherford M, Ramenghi LA, Edwards AD, et al. Assessment of
brain tissue injury after moderate hypothermia in neonates with
hypoxic-ischaemic encephalopathy: a nested substudy of a randomised controlled trial. Lancet Neurol. 2010;9:39–45.
250. Azzopardi DV, Strohm B, Edwards AD, et al. Moderate
hypothermia to treat perinatal asphyxial encephalopathy. N Engl
J Med. 2009;361:1349–1358.
251. Loukogeorgakis SP, Panagiotidou AT, Broadhead MW, et al.
Remote ischemic preconditioning provides early and late protection
against endothelial ischemia-reperfusion injury in humans: role of the
autonomic nervous system. J Am Coll Cardiol. 2005;46:450–456.
252. Hausenloy DJ, Mwamure PK, Venugopal V, et al. Eﬀect of remote
ischaemic preconditioning on myocardial injury in patients undergoing coronary artery bypass graft surgery: a randomised
controlled trial. Lancet. 2007;370:575–579.
r

2011 Lippincott Williams & Wilkins

J Neurosurg Anesthesiol



Volume 23, Number 2, April 2011

253. Abraham VS, Swain JA, Forgash AJ, et al. Ischemic preconditioning protects against paraplegia after transient aortic occlusion in
the rat. Ann Thorac Surg. 2000;69:475–479.
254. Toumpoulis IK, Anagnostopoulos CE, Drossos GE, et al. Early
ischemic preconditioning without hypotension prevents spinal cord
injury caused by descending thoracic aortic occlusion. J Thorac
Cardiovasc Surg. 2003;125:1030–1036.
255. Pignataro G, Scorziello A, Di Renzo G, et al. Post-ischemic brain
damage: eﬀect of ischemic preconditioning and postconditioning
and identiﬁcation of potential candidates for stroke therapy. FEBS
J. 2009;276:46–57.
256. Walsh SR, Tang T, Sadat U, et al. Cardioprotection by
remote ischaemic preconditioning. Br J Anaesth. 2007;99:
611–616.
257. Hu S, Dong HL, Li YZ, et al. Eﬀects of remote ischemic
preconditioning on biochemical markers and neurologic outcomes
in patients undergoing elective cervical decompression surgery: a
prospective randomized controlled trial. J Neurosurg Anesthesiol.
2010;22:46–52.

r

2011 Lippincott Williams & Wilkins

Neuroanesthesiology Update 2010

258. Sojka P, Stalnacke BM, Bjornstig U, et al. One-year follow-up of
patients with mild traumatic brain injury: occurrence of posttraumatic stress-related symptoms at follow-up and serum levels of
cortisol, S-100B and neuron-speciﬁc enolase in acute phase. Brain
Inj. 2006;20:613–620.
259. Nikaido T, Kikuchi S, Yabuki S, et al. Surgical treatment
assessment using the Japanese orthopedic association cervical
myelopathy evaluation questionnaire in patients with cervical
myelopathy: a new outcome measure for cervical myelopathy.
Spine. 2009;34:2568–2572.
260. Dong HL, Zhang Y, Su BX, et al. Limb remote ischemic
preconditioning protects the spinal cord from ischemia-reperfusion
injury: a newly identiﬁed nonneuronal but reactive oxygen speciesdependent pathway. Anesthesiology. 2010;112:881–891.
261. Sun XC, Xian XH, Li WB, et al. Activation of p38 MAPK
participates in brain ischemic tolerance induced by limb ischemic
preconditioning by up-regulating HSP 70. Exp Neurol. 2010;
224:347–355.

www.jnsa.com |

99

