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Abstract
Object—Recent data from both experimental and clinical studies have supported the use of
intravenous magnesium as a potential therapy in the setting of cerebral ischemia. This study assessed
whether intraoperative magnesium therapy improves neuropsychometric testing (NPT) following
carotid endarterectomy (CEA).

Methods—One hundred eight patients undergoing CEA were randomly assigned to receive placebo
infusion or 1 of 3 magnesium-dosing protocols. Neuropsychometric testing was performed 1 day
after surgery and compared with baseline performance. Assessment was also performed on a set of
35 patients concurrently undergoing lumbar laminectomy to serve as a control group for NPT. A
forward stepwise logistic regression analysis was performed to evaluate the impact of magnesium
therapy on NPT. A subgroup analysis was then performed, analyzing the impact of each
intraoperative dose on NPT.

Results—Patients treated with intravenous magnesium infusion demonstrated less postoperative
neurocognitive impairment than those treated with placebo (OR 0.27, 95% CI 0.10–0.74, p = 0.01).
When stratified according to dosing bolus and intraoperative magnesium level, those who were
treated with low-dose magnesium had less cognitive decline than those treated with placebo (OR
0.09, 95% CI 0.02-0.50, p < 0.01). Those in the high-dose magnesium group demonstrated no
difference from the placebo-treated group.

Conclusions—Low-dose intraoperative magnesium therapy protects against neurocognitive
decline following CEA.
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Magnesium is an attractive neuroprotective agent; it is widely available, inexpensive, and has
a well-established safety profile. Encouraging results from both animal and clinical studies
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have supported the use of intravenous magnesium as a potential therapy in the setting of
cerebral ischemia. Middle cerebral artery occlusion models in rodents have demonstrated that
magnesium reduces infarct volume, even when given up to 6 hours after the onset of ischemia.
12,24 Several small clinical studies have reported reduced mortality and disability in stroke
patients treated with magnesium.13,17 These results generated enthusiasm for several large
scale trials. A randomized controlled study (IMAGES trial) examining the effect of intravenous
magnesium administered within 12 hours of acute stroke, however, failed to show a clinically
significant improvement in death or disability at 90 days.18 It was suggested that the 12-hour
time window in the IMAGES study may have been too long.25 A large ongoing clinical trial,
the FAST-MAG study attempts to address this shortcoming through the administration of
intravenous magnesium by paramedics, often within 120 minutes of the onset of ischemic
symptoms.19 Phase II results indicate safety and feasibility.

Initial data suggest a potential role for magnesium in the setting of cerebral ischemia; however,
questions regarding the precise efficacy and necessary timeline for administration remain
unanswered. Heterogeneous study populations and treatment regimens dissimilar to preclinical
testing parameters have made it difficult to achieve therapeutic efficacy.

Carotid endarterectomy surgery affords a unique paradigm in which to evaluate the effects of
potential neuroprotective agents in the setting of acute stroke. Although the risk of major
morbidity is low, subtle neurocognitive decline occurs in a high percentage of cases. Cortical
ischemia secondary to intraoperative hypoperfusion or microembolic events translates to
clinical deficits evident on detailed neurocognitive testing.3,5,6,22 Standardized
neuropsychometric evaluation has demonstrated cognitive decline in ∼ 25% of patients
undergoing CEA in the early postoperative period.9,10 Scheduled treatment administration,
coupled with standardized perioperative clinical assessment provides a controlled environment
with predictable temporal associations between ischemic onset and neurologic sequelae. It is
a clinical model that allows for preischemic dosing of potential therapeutic agents.

Data generated from prior magnesium stroke studies have suggested that early treatment may
be critical to achieve clinical efficacy. To this end, our CEA model provides a controlled
paradigm in which to assess the benefit of elevated serum magnesium levels at the onset of an
ischemic insult.

Methods
Study Cohort

One hundred eight prospectively enrolled patients undergoing elective CEA for both
symptomatic and asymptomatic carotid artery stenosis were enrolled in this institutional review
board–approved study. All patients undergoing CEA had ≥ 60% stenosis of the operative
carotid artery, and none had undergone previous ipsilateral CEA. Patients were randomly
assigned to a placebo control group or to 1 of 3 intravenous magnesium protocols. Sixteen
patients (6 in the treatment group and 10 in the placebo group) were excluded from analysis
due to high postoperative pain levels (7 patients), patient refusal to complete testing (7), or
postoperative complications (2). The postoperative complications both occurred in the placebo
group and included a postoperative hemorrhage at the surgical site and a postoperative
cerebrovascular accident resulting in death.

Operative Procedure
All patients received general anesthesia with routine hemodynamic and temperature
monitoring as previously described. Patients undergoing CEA underwent continuous blood
pressure monitoring with a radial artery catheter. An 8-channel electroencephalography
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monitor (Neurotrac II, Moberg Medical, Inc.) was used during surgery. Fentanyl and
midazolam were administered for preinduction sedation. General anesthesia was induced with
fentanyl, midazolam, and either vecuronium or rocuronium and maintained with isoflurane.
The mean surgical time was 159 ± 38 minutes (± SD). All patients were extubated in the
operating room and recovered in a postoperative care or neurological intensive care unit.

Magnesium Protocol
Patients were randomized by a research pharmacist to receive either normal saline (43 patients)
or magnesium sulfate (49 patients) in identical, unlabeled, 100-ml intravenous infusion bags.
After the administration of a loading dose consisting of 100 ml delivered in 25 minutes, a
continuous infusion of 400 ml was given over the next 24 hours (16.6 ml/hour). The placebo
group received normal saline. Patients receiving magnesium were assigned to 1 of 3 protocols
that differed in the loading dose or the continuous infusion dose (Table 1). Baseline serum
magnesium levels were obtained before induction, 15 minutes after the loading dose, and
during the saline/magnesium infusion at 1, 2, 6, 12, and 24 hours.

Neuropsychometric Evaluation
After obtaining informed consent, patients were evaluated using a battery of 5 NPTs before
surgery and on postoperative Day 1. Neuropsychometric tests were chosen to represent a range
of cognitive domains. All NPTs were administered by 1 of 3 research assistants, each trained
and supervised by a neuropsychologist. The Boston Naming Test evaluated the patient's ability
to verbally identify objects pictured on a series of cards. Halstead-Reitan Trails Parts A and B
evaluated visual, conceptual, and visuomotor tracking by timing how long it took a patient to
connect consecutively numbered circles with a single line (Part A) and then connect the same
number of consecutively numbered and lettered circles by alternating between the 2 sequences
(Part B).14 The Controlled Oral Word Association test assessed verbal fluency, providing
information on dominant hemisphere function. Patients were asked to generate as many words
as possible that begin with a certain letter within 60 seconds. Three separate trials were
performed at each testing session, 1 each with the letters C, F, and L. The Copy Portion of Rey
Complex Figure test evaluated visuospatial organization, providing insight into the function
of the nondominant hemisphere. Patients were instructed to copy the figure, and a standardized
scoring system was used to evaluate the presence of design-specific features and the accuracy
of their locations.

As described previously, a control group of 35 contemporaneous patients undergoing lumbar
laminectomy with a similar anesthetic regimen and similar operative times were included to
account for effects of general anesthesia on NPT performance.10

All tests were performed > 3 hours after administration of any analgesic or sedative medication.
Patients and controls who reported a pain score of > 5 (10-point scale) during testing were
excluded from analysis, as pain has been shown to confound NPT performance.11 Seven
patients were eliminated from analysis due to high postoperative pain scores—4 from the
placebo group and 3 from the magnesium treatment group.

Each NPT was scored individually for patients undergoing CEA and control individuals as
previously described.9 The change in individual test scores from baseline to postoperative Day
1 were converted into z-scores relative to change within the control group as follows: z-score
= (change score – mean change in score/SD change in score). The z-scores were converted into
a point system quantifying the degree of cognitive dysfunction associated with each NPT at
postoperative Day 1. For each patient undergoing CEA, these deficit points were summed to
generate a TDS that measures the global level of cognitive decline.
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Statistical Analysis
Total Cohort Analysis—Magnesium levels (mean ± SD) were compared between the entire
treatment and placebo groups before induction, 15 minutes after the loading dose, and during
the magnesium infusion at 1, 2, 6, 12, and 24 hours using the Student t-test. A forward stepwise
logistic regression analysis was performed to evaluate the impact of magnesium treatment and
other variables that have previously been suggested to increase neurocognitive decline
following CEA (age, presence diabetes, and previous CEA) on TDS. Variables found to be
significant were included in a multivariate logistic regression analysis that was performed by
dichotomizing the outcome variable, TDS, between 0 and > 0 to distinguish between patients
who did and did not show relative neurocognitive decline.

Subgroup Analysis (Intraoperative Magnesium Levels)—Magnesium levels (mean
± standard error of the mean) were compared between each of the treatment (Protocols I, II,
and III) and placebo groups before induction, 15 minutes after the loading dose, and during
the magnesium infusion at 1, 2, 6, 12, and 24 hours. Analysis of variance was used for initial
comparison with subgroup analysis determined by the Tukey test. Again, a forward stepwise
logistic regression analysis was performed to evaluate the impact of magnesium treatment and
other variables that have previously been suggested to increase neurocognitive decline
following CEA. Variables found to be significant were included in a multivariate logistic
regression analysis.

Results
Total Cohort Analysis

Magnesium Levels—Magnesium levels did not differ significantly between patients
receiving placebo and those receiving magnesium treatment at the time of the baseline
measurement. At all time points postinfusion, magnesium levels for patients treated with
magnesium sulfate infusion were elevated when compared with those in the placebo group (p
< 0.01 at all time points; Table 2).

Neurocognitive Outcome: Multivariate Analysis—Demographic and intraoperative
variables for all patients are shown in Table 3. In the forward stepwise logistic regression
analysis, presence of diabetes and age were not found to impact NPTs (p = not significant),
whereas prior CEA did (p < 0.05). Therefore, prior CEA was included in the logistic regression
model (OR 5.56, 95% CI 1.40– 22.11, p = 0.01; Table 4). When compared with patients
receiving placebo, those treated with magnesium sulfate showed improved neurocognitive
outcome (OR 0.27, 95% CI 0.10–0.74, p = 0.01; Table 4).

Subgroup Analysis (Intraoperative Magnesium Levels)
Magnesium Levels—Magnesium levels (mg/dl) up to 24 hours are shown in Table 5. Values
did not differ significantly between patients receiving placebo treatment or any of the 3
magnesium protocols at the time of the baseline measurement. At 15 minutes, 1 hour, and 2
hours, magnesium levels in patients treated with magnesium Protocols I and II differed
significantly from those treated with placebo and Protocol III (p < 0.05), but not from one
another (p = not significant). At 12 and 24 hours postinfusion magnesium levels in patients
treated with magnesium Protocols II and III differed significantly from those treated with
placebo or magnesium Protocol I (p < 0.05), but not from one another (p = not significant).

Neurocognitive Outcome: Multivariate Analysis—When evaluating for
neurocognitive decline, logistic regression analysis was not possible using the original protocol
groups because the Protocol I group did not have any patients that met injury criteria (0 of 13).
As intraoperative magnesium levels (15 minutes, 1 hour, and 2 hours postbolus) were
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statistically equivalent between Protocols I and II (p < 0.05; Table 5), these 2 cohorts were
analyzed collectively. This combined group was referred to as the low-dose group in subgroup
analysis. Patients in Protocol III were referred to as the high-dose group in the intraoperative
subgroup analysis. Patients in the placebo group, the low-dose group (Protocols I and II), and
the high-dose group (Protocol III) had statistically different magnesium levels from one another
at every time point up to and including 24 hours using analysis of variance and post hoc Tukey
column comparison testing (p < 0.01; Table 5). Multivariate logistic regression analysis was
performed on these groups and included all risk factors that showed significance in the total
cohort analysis.

In our multivariate model, patients in the low-dose group had significantly less postoperative
neurocognitive injury than those treated with placebo (OR 0.09, 95% CI 0.02–0.50, p = 0.01;
Fig. 1 and Table 4). Those treated with high-dose magnesium demonstrated no difference in
neurocognitive outcome when compared with patients given placebo (p = not significant). Prior
CEA remained a risk factor for neurocognitive decline in our subgroup multivariate logistic
regression model (OR 6.78, 95% CI 1.56–29.45, p = 0.01; Table 4).

Discussion
As is the case with many potential neuroprotective agents, preclinical and translational studies
strongly support the efficacy of magnesium in the setting of cerebral ischemia. A well-
conducted clinical trial, however, failed to demonstrate its usefulness in management of acute
stroke. The IMAGES trial found that magnesium administration is safe, but that it did not
reduce the incidence of death or disability following acute stroke. Several shortcomings have
been postulated.8,25 Animal models have demonstrated that the time course for
neuroprotection is relatively short. Only 1 preclinical study has suggested that magnesium
administration 12 hours after vascular occlusion might translate to therapeutic efficacy.24 The
median time to treatment was 7 hours in the IMAGES trial, with only 3% of patients receiving
the therapy within 3 hours. To date, the only 2 intravenous therapies that have achieved
significant results were administered within 3 hours of stroke onset.1,20 The heterogeneity of
patients who have suffered stroke further differentiates the clinical study population from the
controlled parameters used during preclinical assessment and renders the attainment of
significant findings difficult.

Our study examined the efficacy of intravenous magnesium therapy in a smaller, more
homogeneous patient population with parameters that more closely approximate those of the
successful animal experiments and pertinent clinical data generated in related fields of study.
Research on preischemic administration of magnesium in rodents showed significant reduction
in infarct volume.15 A clinical investigation examining women at risk for preterm birth found
that magnesium administration reduced gross motor dysfunction in newborns and suggested
benefit in reducing mortality and rates of cerebral palsy in survivors.4 In addition, a recent
clinical trial in which magnesium was given preoperatively to 350 patients having undergone
cardiac surgery improved postoperative neurological and neuropsychometric examinations.2
These studies suggest that preischemic magnesium administration may affect neurological
outcome in a wide range of cerebral ischemia models.

Carotid endarterectomy surgery affords an environment in which a subset of patients suffer
cerebral ischemia with a predictable temporal onset. This model allows for administration of
intravenous magnesium prior to the ischemic onset and a systematic assessment of
biochemical, physiological, and functional outcome variables during and after the event.

We found that the total cohort of patients receiving intraoperative magnesium showed
improved postoperative neurocognitive function when compared with those treated with
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placebo infusion. We also demonstrated a U-shaped dose response effect (low bolus dosing
was beneficial, whereas placebo and high bolus dosing were not). Although 3 protocols were
followed for magnesium administration, logistic regression analysis was not possible using the
original groups because the lowest magnesium dosing protocol did not contain any patients
that met injury criteria. Therefore, treatment groups were combined for post hoc subgroup
analysis according to dosing bolus and intraoperative serum magnesium levels. With limited
patient numbers, this method allowed us to reach significant power for statistical analysis of
the subgroups. We segregated patients with similar intraoperative levels (significantly different
from other groups, but the same as one another at all intraoperative time points) as we postulated
that the magnesium values before and during the onset of cerebral ischemia, not those during
the postoperative period, were the critical determinants of cerebroprotection. Prior studies in
animals and the IMAGES trial have demonstrated that magnesium does not confer
neuroprotection if provided at a significant delay following a neurological insult.18,24

We determined that low-dose intraoperative magnesium improves neuropsychometric testing
on postoperative Day 1 following CEA. High-dose magnesium, however, demonstrated no
benefit compared with placebo. Magnesium blood levels in the high dose group reached > 4.5
mg/dl at 15 minutes and remained > 3.5 mg/dl throughout the 24 hours. Previous literature has
suggested that substantially elevated serum magnesium levels impair cognitive ability.
Neuropsychometric testing done during magnesium infusion in obstetrics patients (whose
blood levels ranged from 4.9 to 9.0 mg/dl) resulted in decreased attention and working memory.
7 As blood levels remained elevated up to the time of neuropsychometric testing in our
investigation, we are unable to determine whether the less favorable scores in the high-dose
magnesium group were due to a lack of neuroprotection during CEA or impaired cognition at
the time of testing.

In multivariate analysis, we found that having a prior CEA predicted cognitive decline on
postoperative testing. Neurological injury in this patient population may have made these
patients more susceptible to further intraoperative neurologic injury. That diabetes mellitus
and age were not found to be predictive of poor outcome in our regression analysis may be
related to the small sample size.16

This study is somewhat limited by its small patient population. The study is also limited by its
inability to completely exclude alternative explanations for improved neurocognitive outcome
in the low-dose magnesium group, such as the possibility of an interaction between magnesium
and anesthesia. Our results, however, do suggest that intravenous magnesium, given prior to
the onset of cerebral ischemia, may improve functional outcome in an applicable model of
acute stroke. Furthermore, the data provide the first evidence that magnesium may decrease
neurocognitive decline following CEA. Further study is needed.

Two potential theories may help explain why previous studies examining magnesium therapy
in acute stroke have not succeeded. It may be that clinical trials, such as IMAGES, used primary
outcome measures that were too broad to detect the subtle cognitive advantages conferred by
magnesium therapy. It is also possible that serum magnesium levels must be elevated at the
time of infarction rather than following an ischemic insult. This second issue may be addressed
by the results of the FAST-MAG trial that is currently underway.19 If elevated magnesium
levels at the time of infarction are critical for neuroprotection, magnesium would be especially
suited to serve as a therapeutic agent during cardiac and vascular surgery, after which cognitive
decline is a well-known phenomenon. It might also be possible to administer magnesium as a
neuroprotectant following subarachnoid hemorrhage with focus on ameliorating symptomatic
vasospasm. Current trials are underway that are designed to examine magnesium as both a
neuroprotectant and a potential vasorelaxant in subarachnoid hemorrhage.21,23
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Conclusions
This study provides preliminary evidence that low-dose magnesium therapy may protect
against neurocognitive decline following CEA. High-dose therapy, however, does not seem to
confer a benefit. There may be an ideal magnesium dose that could be identified in larger,
future studies.
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Fig. 1.
Graph showing that patients who received lower doses of magnesium had significantly lower
TDSs than patients in the placebo group (p < 0.05).
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Table 1
Magnesium protocol groups into which 92 patients were assigned

Group No. of Patients

Magnesium Administered (g)

Loading Dose At Infusion Total Infused

placebo 43 0 0 0

Protocol I 13 2 8 10

Protocol II 7 2 16 18

Protocol III 29 4 16 20
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Table 3
Demographics, intraoperative variables, and total deficit scores

Demographic/Variable

Group (no. of patients)*

Placebo (43) Overall Treatment (49) Low Dose (20) High Dose (29)

mean age (yrs) 68.1 ± 9.2 68.8 ± 9.1 68.9 ± 9.7 70 ± 8.5

sex (F/M) 39/61 37/63 45/55 38/62

handedness (rt/lt) 100/0 99/1 100/0 97/3

mean height (cm) 171 ± 10 171 ± 10 172 ± 11 170 ± 10

mean weight (kg) 76 ± 16 77 ± 16 82 ± 19 76 ± 13

mean education (yrs) 15 ± 3.2 15 ± 2.9 14 ± 2.4 14.5 ± 2.9

hypertension 75 68 45 76

diabetes mellitus 25 25 25 24

symptomatic stenosis 56 47 50 45

previous CEA 11 14 20 14

side (rt/lt) of CEA 49/51 53/47 55/45 21/43

mean duration of op (min) 161 ± 33 159 ± 38 147 ± 41 163 ± 41

mean duration of cross-
clamping (min)

41 ± 15 41 ± 16 37 ± 18 43 ± 17

mean fentanyl dose (μg/kg) 2.26 ± 1.15 2.12 ± 1.03 2.03 ± 1.06 1.96 ± 0.80

mean midazolam dose (mg/
kg)

0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.02 0.03 ± 0.02

mean total deficit score 0.77 ± 1.87 0.10 ± 0.31 0.45 ± 0.78 0.53 ± 1.38

*
Numbers represent the percentage of patients unless otherwise indicated. The low-dose group comprises patients in Protocols I and II. The high-dose

group comprises patients in Protocol III.
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Table 4
Forward stepwise logistic regression analysis*

Type of Analysis

Value

TDS >0† p Value OR 95% CI

multivariate

 magnesium treatment 44/22 0.01 0.27 0.10–0.74

 prior CEA 29/54 0.01 5.56 1.40–22.11

 prior stroke or TIA 40/25 0.02 0.30 0.11–0.84

 age >70 yrs 26/38 NS

 DM 33/30 NS

 HTN 24/36 NS

subgroup multivariate

 placebo vs low dose 44/10 0.01 0.09 0.02–0.50

 placebo vs high dose 44/31 0.15 0.45 0.16–1.33

 prior CEA 29/54 0.01 6.78 1.56–29.45

 prior stroke or TIA 40/25 0.02 0.30 0.11–0.84

*
DM = diabetes mellitus; HTN = hypertension; NS = not significant; TIA = transient ischemic attack.

†
Values in the TDS >0 column are expressed as percentage of patients with neurocognitive decline if variable is present/absent.
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