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Neurocognitive dysfunction remains a common occur-
rence after cardiac surgery, with approximately one-third 

of patients demonstrating cognitive deficits at 6 weeks after 
surgery.1,2 Although initial reports suggested that impairment 
at discharge was associated with decline 5 years after sur-
gery,2 studies incorporating nonsurgical control groups pro-
pose that postoperative dysfunction is more transient, with 
no relationship between immediate and delayed cognitive 
injury.3,4 Proposed mechanisms for the neurocognitive dys-
function include genetic predisposition, transcerebral platelet 
activation, cerebral embolism or hypoperfusion, cell salvage, 
valve surgery, systemic inflammatory responses, hemodilu-
tion, hyperglycemia, and hyperthermia.1,5–11 Quality of life 

is diminished for patients with cognitive decline who would 
otherwise expect that surgery would improve the quality of 
their lives.12,13

Magnesium is a common intracellular cation that has long 
been reported to exert neuroprotective properties via multiple 
mechanisms including preservation of cellular energy metab-
olism, noncompetitive inhibition of the N-methyl-D-aspartate 
receptor, attenuation of presynaptic excitatory amino acid 
release, potentiation of presynaptic adenosine, blockade of 
voltage-gated calcium channels, and vascular smooth muscle 
relaxation leading to improved cerebral blood flow.14–21 In a 
study of 171 patients undergoing coronary revasculariza-
tion with cardiopulmonary bypass (CPB), treatment with the 
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N-methyl-D-aspartate receptor antagonist remacemide was 
associated with favorable effects on postoperative neurocogni-
tive performance.22 Furthermore, magnesium inhibits platelet 
activation,21 a biological process that is associated with neu-
rocognitive decline after surgery.8,9 We therefore hypothesized 
that intravenous magnesium administered intraoperatively 
would reduce postoperative neurocognitive dysfunction. As 
a secondary outcome, we also assessed whether magnesium 
would attenuate the platelet activation associated with CPB.9

Methods
Study Population
After approval by the Duke University Health System Institutional 
Review Board at all enrolling sites and written informed consent, 389 
patients who were scheduled to undergo coronary artery bypass graft-
ing, valve, or coronary artery bypass grafting plus valve surgery with 
CPB were enrolled into this prospective, randomized, double-blind, 
placebo-controlled clinical trial. Patients were excluded if they were 
undergoing circulatory arrest, had a history of symptomatic cerebro-
vascular disease (eg, stroke with a residual deficit), psychiatric illness 
(any clinical diagnoses requiring therapy), renal failure (serum cre-
atinine >2 mg/dL), liver disease (aspartate aminotransferase, alanine 
aminotransferase >1.5× the upper limit of normal), or higher alcohol 
consumption (>2 drinks per day), were unable to read, had less than 
a seventh-grade education, or scored <24 on a baseline Mini Mental 
State examination. Subjects were randomized to 2 treatment groups: 
(1) magnesium group: 50 mg/kg bolus for 20 minutes after induction 
of anesthesia followed by another 50 mg/kg infusion for 3 hours (total 
dose 100 mg/kg) or (2) placebo group: normal saline administered 
as a bolus and an infusion with identical volume and rate changes 
as that of the treatment group such that blinding was preserved. A 
group assignment schedule was prepared using a randomization func-
tion in SAS (Cary, NC) and stored in consecutively numbered sealed 
envelopes until allocation. Randomization occurred before surgery 
once the planned surgical procedure and use of CPB was confirmed. 
Magnesium dosing was based on unpublished pharmacokinetic data 
from a pilot study in 38 patients that revealed a good safety profile and 
a trend toward improved learning at 6 weeks in the treatment group.

Patient Management
Anesthesia was induced and maintained with midazolam, fentanyl, 
and isoflurane. All patients underwent nonpulsatile hypothermic 
(30°C–32°C) CPB with a membrane oxygenator and an arterial line 
filter. The pump was primed with crystalloid, and serial hematocrit 
levels were kept at ≥0.21. Before initiation of CPB, all patients re-
ceived heparin anticoagulation (300–400 U/kg) to achieve a target 
activated coagulation time of >480 s. Neither the pump prime nor 
the cardioplegia solution contained magnesium. Perfusion was main-
tained at pump flow rates of 2 to 2.4 L·min−1·m2 throughout CPB to 
maintain mean arterial pressure at 50 to 80 mm Hg. Arterial blood 
gases were measured every 15 to 30 minutes to maintain arterial car-
bon dioxide partial pressures of 35 to 40 mm Hg, unadjusted for tem-
perature (α-stat), and oxygen partial pressures of 150 to 250 mm Hg.

Measurement of Neurocognitive Function
Experienced psychometricians blinded to the treatment group exam-
ined subjects with a well-validated battery of 5 cognitive tests on the 
day before surgery and again at 6 weeks after surgery. In accordance 
with the Consensus Statement on Assessment of Neurobehavioral 
Outcomes after Cardiac Surgery,23 we used a cognitive test bat-
tery comprising the following 5 instruments that yielded 10 scores: 
Short Story module of the Randt Memory Test,24 Digit Span subtest 
of the Wechsler Adult Intelligence Scale-Revised (WAIS-R) Test,25 
Modified Visual Reproduction Test from the Wechsler Memory 
Scale,25 Digit Symbol subtest of the WAIS-R,25 and Trail Making 
Test (part B).26

Laboratory Assessments
Blood was sampled at baseline, admission to intensive care unit, and 
24 and 48 hours after the bolus for measurement of magnesium lev-
els. An additional sampling point immediately after the magnesium 
bolus was added after patient No. 121. In the first 100 subjects, whole 
blood samples were also drawn at baseline, end of bolus, 10 minutes 
after the end of CPB, and 24 and 48 hours after the bolus, and were 
immediately fixed in 1% paraformaldehyde in phosphate-buffered 
saline. Platelet P-selectin expression was measured using fluoro-
chrome-conjugated monoclonal antibodies, with the platelet-spe-
cific monoclonal antibodies (ie, anti-CD41a [glycoprotein IIb/IIIa]  
and anti-CD62P [P-selectin]), both purchased from Pharmingen 
(San Diego, CA). Whole blood samples were fixed, washed, and 
labeled with monoclonal antibodies as previously described.27 The 
percentage of P-selectin+ platelets was determined by labeling with 
fluorescein isothiocyanate–anti-CD41a and phycoerythrin–anti-
CD62P.28 Leukocyte–platelet binding, an additional cellular marker 
of platelet activation,27,28 was determined by labeling samples with 
fluorescein isothiocyanate–anti-CD45 (Pharmingen), phycoery-
thrin–anti-CD41a, and phycoerythrin–Cy5-anti-CD1429 (Beckman 
Coulter; Miami, FL). Leukocyte activation was examined using 
monoclonal antibodies to CD45 (used primarily to exclude red blood 
cells and platelets during the cytometric analysis) and CD11b.30–32 
Leukocyte CD11b and platelet CD62P were expressed as a percent-
age of the individual patient’s baseline.33

Statistical Analysis
To characterize cognitive function over time while minimizing po-
tential redundancy in the cognitive measures, a factor analysis was 
performed on the 10 cognitive test scores from baseline as previously 
described.2 The 10 scores were incorporated into a principal compo-
nents analysis with orthogonal rotation (a linear transformation of the 
data) to produce uncorrelated factors. The factor analysis was con-
ducted on the enrolled subjects in this study, and scoring coefficients 
for all time points were determined using the baseline rotated factor 
scores of this sample. Thus, cognitive domains remained consistent 
over time. We chose a 4-factor solution, which accounts for 84% of 
the variability in the original 10 test scores and represents 4 cognitive 
domains: (1) verbal memory, (2) abstraction and visuospatial orienta-
tion (executive function), (3) visual memory, and (4) attention and 
concentration. Two summary measures were calculated to represent 
cognitive function: (1) cognitive deficit (the binary outcome) was 
defined as a decline of ≥1 SD in ≥1 of the 4 domains; (2) to quan-
tify overall cognitive function and the degree of learning (ie, practice 
effect from repeated exposure to the testing procedures), a baseline 
cognitive index was first calculated as the mean of the 4 preoperative 
domain scores. A continuous change score (the continuous outcome) 
was then calculated by subtracting the baseline from the follow-up 
cognitive index.

The primary analyses were conducted according to the intention-
to-treat principle. Categorical and continuous demographic charac-
teristics were compared between the treatment groups with Pearson 
χ2, Fisher exact, and t tests. The effect of magnesium treatment on 
the cognitive change score and cognitive deficit was tested using 
multivariable linear and logistic regression modeling, respectively, 
accounting for age, years of education, baseline cognition, sex, race, 
and weight. The association of platelet and leukocyte activation with 
magnesium treatment group was tested using repeated-measures 
ANOVA. Log transformation was conducted on the positively skewed 
cellular activation data to meet assumptions of normality. All analy-
ses were performed with SAS version 9.3 (SAS Institute Inc; Cary, 
NC); P<0.05 was considered significant.

On the basis of the preliminary data, we expected that the inci-
dence of cognitive deficits in patients undergoing cardiac surgery 
would be ≈40%. We hypothesized that magnesium treatment would 
decrease this incidence to 25%, and a sample size of 170 per group 
would yield power of 80% at a significance level of 0.05 to detect 
this difference. To allow for a 15% loss to follow-up, we intended to 
recruit a total of 400 patients.
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Results
From January 1, 2002, to April 24, 2008, a total of 487 patients 
were consented to participate in the study (Figure 1). Ninety-
eight of these subjects were not subsequently treated (11 
refused neurological testing, 45 withdrew consent, 40 exclu-
sion criteria, and 2 had changes in surgical schedule), leaving 
198 subjects who were allocated to the magnesium group and 
191 to the placebo group (n=389).

Demographic and clinical characteristics of the random-
ized subjects are listed in Table 1. As expected from random-
ization, characteristics were similar between the treatment 
groups. Patients who did not return for follow-up testing at 
6 weeks were older (P=0.013) and had a lower level of edu-
cation (P<0.001) and a lower preoperative cognitive score 
(P<0.001) but were otherwise similar to those who returned 
for testing. Among the 326 subjects (83.8%) who returned 
for follow-up testing (Figure 1), 316 completed all cogni-
tive tests.

Neurocognitive deficits at 6 weeks after surgery were pres-
ent in 44.4% (71 of 160) of the subjects who were random-
ized to magnesium and in 44.9% (70 of 156) of the subjects 
who were randomized to placebo (P=0.93). The continuous 
cognitive change score was also not significantly different 
between the treatment groups (magnesium: 0.07±0.28 ver-
sus placebo: 0.13±0.28; P=0.31). Multivariable analysis 

revealed a marginal interaction between the treatment group 
and weight such that subjects weighing more in the magne-
sium group were less likely to have cognitive decline (binary 
outcome: P=0.06; continuous outcome: P=0.16; Figure 2A 
and 2B; Tables 2 and 3). In a secondary as-treated analy-
sis, 5 placebo patients were reassigned to the magnesium 
group. One of these patients was incorrectly randomized, 
whereas the other 4 received magnesium (2 g) intraopera-
tively for arrhythmia management. Multivariable analysis 
once again revealed an interaction between treatment group 
and weight (binary outcome: P=0.02; continuous outcome: 
P=0.21). As expected, magnesium levels were significantly 
higher in the magnesium group (Figure 3A). Platelet activa-
tion (percentage of P-selectin+ platelets) increased with the 
onset of CPB and remained above baseline at 48 hours after 
surgery. Leukocyte activation (mean CD11b fluorescence) 
also increased significantly with CPB but peaked intraopera-
tively. However, there was no difference between the treat-
ment groups in platelet (Figure 3B) and leukocyte activation 
(Figure 3C) or in platelet–leukocyte binding (P>0.05). The 
use of statin or platelet inhibitor therapy (preoperatively and 
postoperatively) was also not different between the treatment 
groups (Table 1).

Adverse events were not significantly different between 
the treatment groups; serious adverse events were recorded in 
18.7% of magnesium and 16.8% of placebo subjects (P=0.62). 
Postoperative stroke was diagnosed in 5 patients (2.5%) in the Figure 1. CONSORT diagram showing the flow of participants.

Table 1. Characteristics of the Subjects Allocated to 
Treatment

Variable Magnesium (n=198) Placebo (n=191)

Age (SD), y 68.6 (8.4) 68.4 (8.0)

Sex, % female 27.3 34.6

Race, % white 81.3 76.4

Weight (SD), kg 83.2 (15.1) 81.4 (15.0)

History of hypertension, % 81.2 80.0

Diabetes mellitus, % 35.4 34.7

Previous MI, % 32.6 33.5

Ejection fraction (SD) 52 (12) 53 (13)

Years of education (SD) 13.2 (3.6) 13.1 (3.4)

Preoperative statins, % 58.1 52.9

Preoperative platelet inhibitors, % 72.7 62.9

Preoperative cognitive score (SD) 0.002 (0.50) −0.03 (0.48)

Magnesium level at baseline (SD) 1.93 (0.24) 1.92 (0.28)

Surgical procedure, %

  CABG 78.3 78.5

  CABG+valve 15.2 15.7

  Valve 6.6 5.8

Redo surgery, % 1 0

No. of grafts (SD) 3.1 (1.3) 3.1 (1.3)

Cross-clamp time (SD), min 85 (36) 82 (36)

CPB time (SD), min 137 (52) 135 (55)

Platelet inhibitors included aspirin, clopidogrel, dipyridamole, and ticlopidine. 
CABG indicates coronary artery bypass grafting; CPB, cardiopulmonary bypass; 
and MI, myocardial infarction.
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magnesium group and 6 patients (3.1%) in the placebo group. 
The length of hospital stay was 6 days (interquartile range, 
5–7) in the magnesium group and 6 days (interquartile range, 
5–8) in the placebo group (P=0.60). In-hospital and 6-week 
mortality rates were not different between magnesium and 
placebo groups (1.51% versus 0.52%; P=0.33 and 3.54% ver-
sus 2.09%; P=0.39, respectively).

Discussion
In this prospective, placebo-controlled, randomized study of 
administration of intravenous magnesium during adult car-
diac surgery with CPB, magnesium did not improve postop-
erative neurocognitive function. In addition, magnesium did 
not reduce perioperative platelet or leukocyte activation. In 
secondary post hoc analyses, a marginal interaction between 
magnesium and weight was detected such that heavier patients 
receiving magnesium were less likely to exhibit neurocogni-
tive deficits.

Despite encouraging data from preclinical and prelimi-
nary human studies14,15,17–21,34,35 supporting the neuroprotec-
tive benefits of magnesium, several large trials in different 
types of brain injury have failed to demonstrate the efficacy 
of magnesium.36–38 In a double-blind trial of 499 patients 
with moderate or severe traumatic brain injury, continuous 
infusions of magnesium within 8 hours of injury and for 

5 days did not improve the composite outcome of mortal-
ity, seizures, functional measures, and neurocognitive func-
tion.38 Mortality was in fact doubled in patients who were 
randomized to a targeted magnesium level between 3.04 
and 6.08 mg/dL. In another study of 1204 patients admitted 
to the hospital within 4 days of aneurysmal subarachnoid 
hemorrhage, magnesium was also not superior to placebo 
for reduction of poor outcome.36 Similarly, in 2386 patients, 
magnesium given within 12 hours of acute stroke did not 
reduce the risk of death or disability at day 90.37 Mortality 
also trended to be slightly higher in the magnesium-treated 
group (hazard ratio, 1.18 [0.97–1.42]; P=0.098). Median 
time to treatment was 7 hours in this trial, with only 3% 
treated within 3 hours of onset, which raises concerns that 
such delayed therapy would not be effective because sal-
vageable brain tissue is limited.

In the perioperative arena, Heyer et al39 randomized 108 
patients undergoing carotid endarterectomy to receive 1 
of 3 magnesium-dosing strategies provided as a bolus fol-
lowed by an infusion for 24 hours. Neurocognitive function 
measured only on postoperative day 1 was improved with 
magnesium therapy (odds ratio, 0.27 [0.10–0.74]; P=0.01). 
Subgroup analyses, however, revealed a benefit only with 
low-dose magnesium, whereas patients receiving high-dose 
magnesium were not different from the placebo-treated 

Table 2. Multivariable Logistic Regression Model Predicting Cognitive Deficit (Dichotomous 
Outcome) at 6-Week Follow-Up

Variable Parameter Estimate Odds Ratio (95% Confidence Limits) P Value

Age 0.015 1.015 (0.983–1.048) 0.371

Years of Education −0.077 0.926 (0.851–1.004) 0.067

Preoperative cognitive index 0.629 1.876 (0.992–3.601) 0.055

Women −0.145 0.865 (0.486–1.525) 0.618

Whites 0.293 1.796 (0.949–3.436) 0.074

Magnesium treatment 1.355 0.062

Weight −0.021 0.963 (0.938–0.989) 0.024

Weight·magnesium −0.016 0.060

Figure 2. Magnesium, weight, and probability of cognitive deficit at baseline cognitive index=0, years of education=12, age=68, 
race=white, and sex=male (A). Probability of cognitive decline after adjusting for preoperative cognitive score, years of education, and sex 
(B). Heavier patients receiving magnesium tended toward better cognitive outcome. LCL indicates lower confidence limit; and UCL, upper 
confidence limit.
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group. Furthermore, the lack of long-term (postdischarge) 
neurocognitive assessment is a limitation. Bhudia et al40 ran-
domized 350 patients undergoing cardiac surgery to receive 
magnesium both as a bolus and infusion for 24 hours along 
with dosing during CPB to maintain magnesium levels of 
≥3.6 mg/dL. A neurological assessment with the Western 
Perioperative Neurologic Scale revealed better performance 
in the magnesium group at 24 and 96 hours postoperatively, 

but neurocognitive function at 3 months after surgery was 
not different. The lack of comprehensive long-term neuro-
logical assessment is once again a shortcoming.

A wealth of data from randomized clinical trials now sug-
gests that magnesium has no clinically significant effect on 
neurological outcome after different types of brain injury, 
especially beyond hospital discharge. In the largest periop-
erative trial of magnesium, we are also unable to demon-
strate any benefit to magnesium. The interaction between 
weight and magnesium treatment is intriguing, but it is a 
weak association. Furthermore, in post hoc analyses, we are 
unable to demonstrate any significant correlations between 
weight, magnesium levels, intraoperative insulin dose, or 
pH. Nevertheless, because postbolus magnesium levels 
were not available in all enrolled subjects, it is still plau-
sible that serum magnesium levels are related to cognitive 
outcome. Perioperative data on serum levels are conflicting 
as outlined previously, with 1 study demonstrating benefit 
only with low-dose therapy, whereas the other showing 
some benefit to maintaining levels >3.6 mg/dL.39,40 The lack 
of efficacy in our trial may also be explained by the fact that 
intravenous magnesium does not readily cross the blood–
brain barrier.41,42 Although blood–brain barrier disruption 
is common during cardiac surgery, it is not present in all 
patients.43 Finally, the link between platelet activation and 
cerebral ischemia is well established in nonoperative set-
tings,44–46 and magnesium is known to inhibit platelet activa-
tion.21 It is possible that any protective effect of magnesium 
was overwhelmed by the marked platelet activation associ-
ated with CPB.

Methodological limitations of studies of postoperative 
neurocognitive function include the lack of control groups 
and the inconsistent definition of postoperative cognitive 
decline. The placebo group in the present study served as 
a control group. We also examined neurocognitive function 
as both a dichotomous and continuous measure and found 
that magnesium was not associated with neurocognitive 
decline regardless of how decline was assessed. Loss to fol-
low-up was also a study limitation. Patients lost to follow-
up were older and had lower baseline cognitive function, 
but the other demographic characteristics were not differ-
ent. Importantly, the rate of loss to follow-up was not dif-
ferent between the 2 treatment groups (19.2% magnesium 
versus 18.3% placebo; P=0.83), indicating that differential 

Table 3. Multivariable Linear Regression Model Predicting Cognitive Change (Continuous 
Outcome) at 6-Week Follow-Up

Variable DF
Parameter Estimate (95% Confidence 

Limits) P Value

Age 1 −0.005 (−0.009 to −0.001) 0.012

Years of education 1 0.024 (0.014 to 0.034) <0.001

Preoperative cognitive index 1 −0.201 (−0.283 to −0.120) <0.001

Women 1 −0.083 (−0.156 to −0.011) 0.024

Whites 1 −0.117 (−0.199 to −0.035) 0.005

Magnesium treatment 1 −0.299 (−0.653 to 0.053) 0.096

Weight 1 0.001 (−0.004 to 0.002) 0.762

Weight·magnesium 1 0.003 (−0.001 to 0.007) 0.160

Figure 3. Magnesium levels (A), platelet activation (B), and  leukocyte 
activation (C) in the magnesium and placebo groups. PLT indicates 
platelet; and PMN, polymorphonuclear neutrophil. *P<0.0001.
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dropout was not responsible for our observed findings. We 
also noted that the lack of postbolus magnesium levels in 
all of the enrolled subjects was a study limitation such that 
we are unable to completely assess the marginal relation-
ship between weight, magnesium levels, and neurocogni-
tive outcome.

In summary, despite significantly higher magnesium lev-
els in the perioperative period, intraoperative magnesium 
therapy did not improve neurocognitive function after car-
diac surgery. Magnesium also did not diminish the platelet 
activation that was previously associated with neurocogni-
tive decline. The marginal interaction between weight and 
magnesium therapy suggests that a more comprehensive 
evaluation of magnesium pharmacokinetics during CPB is 
warranted.

Appendix
Neurologic Outcome Research Group of the Duke 
Heart Center
Director: Joseph P. Mathew, MD; Codirector: James A. Blumenthal, 
PhD.
Anesthesiology: Manuel A. Fontes, MD; Miklos D. Kertai, MD; 
Frederick W. Lombard, MD; Joseph P. Mathew, MD; David L. 
McDonagh, MD; Terri G. Monk, MD; Mark F. Newman, MD; 
Mihai V. Podgoreanu, MD; Mark Stafford-Smith, MD; Madhav 
Swaminathan, MD; David S. Warner, MD; Bonita L. Funk, RN, 
CCRP; Narai Balajonda, MD; Roger L. Hall, AAS; Tiffany Bisanar, 
RN, BSN; Karen L. Clemmons; Yi-Ju Li, PhD; Greg Pecora, BA; 
Barbara Phillips-Bute, PhD; Yanne Toulgoat-Dubois, BA; Peter 
Waweru, CCRP; William D. White, MPH.
Behavioral Medicine: Michael A. Babyak, PhD; James A. Blumenthal, 
PhD; Jeffrey N. Browndyke, PhD; Kathleen A. Welsh-Bohmer, PhD.
Cardiology: Daniel B. Mark, MD, MPH; Michael H. Sketch Jr, MD.
Neurology: Ellen R. Bennett, PhD; Carmelo Graffagnino, MD; 
Daniel T. Laskowitz, MD; Warren J. Strittmatter, MD.
Perfusion Services: Stanlin Alexander, BS, CCP; Kevin Collins, BS, 
CCP; Greg Smigla, BS, CCP; Ian Shearer, BS, CCP.
Surgery: Mark F. Berry, MD; Thomas A. D’Amico, MD; Mani A. 
Daneshmand, MD; R. Duane Davis, MD; Jeffrey G. Gaca, MD; 
Donald D. Glower, MD; R. David Harpole, MD; G. Chad Hughes, 
MD; Robert D.B. Jaquiss, MD; Shu S. Lin, MD; Andrew J. Lodge, 
MD; Carmelo A. Milano, MD; Mark W. Onaitis, MD; Jacob N. 
Schroeder, MD; Peter K. Smith, MD; Betty C. Tong, MD.

Sources of Funding
This work was supported in part by grants HL069081 (Dr Newman), 
HL096978, HL108280, and HL109971 (Dr Mathew) and grant M01-
RR-30 from the National Institutes of Health, Washington, DC, and 
by the Division of Cardiothoracic Anesthesiology and Critical Care 
Medicine, Department of Anesthesiology, Duke University Medical 
Center, Durham, NC.

Disclosures
None.

References
 1. Hogue CW Jr, Palin CA, Arrowsmith JE. Cardiopulmonary bypass man-

agement and neurologic outcomes: an evidence-based appraisal of cur-
rent practices. Anesth Analg. 2006;103:21–37.

 2. Newman MF, Kirchner JL, Phillips-Bute B, Gaver V, Grocott H, Jones 
RH, et al; Neurological Outcome Research Group and the Cardiothoracic 
Anesthesiology Research Endeavors Investigators. Longitudinal assess-
ment of neurocognitive function after coronary-artery bypass surgery. N 
Engl J Med. 2001;344:395–402.

 3. Evered L, Scott DA, Silbert B, Maruff P. Postoperative cognitive dys-
function is independent of type of surgery and anesthetic. Anesth Analg. 
2011;112:1179–1185.

 4. Selnes OA, Grega MA, Borowicz LM Jr, Royall RM, McKhann GM, 
Baumgartner WA. Cognitive changes with coronary artery disease: a 
prospective study of coronary artery bypass graft patients and non-
surgical controls. Ann Thorac Surg. 2003;75:1377–1884, discussion 
1384.

 5. Djaiani G, Fedorko L, Borger MA, Green R, Carroll J, Marcon M, et al. 
Continuous-flow cell saver reduces cognitive decline in elderly patients 
after coronary bypass surgery. Circulation. 2007;116:1888–1895.

 6. Mathew JP, Mackensen GB, Phillips-Bute B, Grocott HP, Glower DD, 
Laskowitz DT, et al; Neurologic Outcome Research Group (NORG) 
of the Duke Heart Center. Randomized, double-blinded, placebo con-
trolled study of neuroprotection with lidocaine in cardiac surgery. Stroke. 
2009;40:880–887.

 7. Mathew JP, Mackensen GB, Phillips-Bute B, Stafford-Smith M, 
Podgoreanu MV, Grocott HP, et al; Neurologic Outcome Research Group 
(NORG) of the Duke Heart Center. Effects of extreme hemodilution dur-
ing cardiac surgery on cognitive function in the elderly. Anesthesiology. 
2007;107:577–584.

 8. Mathew JP, Podgoreanu MV, Grocott HP, White WD, Morris RW, 
Stafford-Smith M, et al; PEGASUS Investigative Team. Genetic variants 
in P-selectin and C-reactive protein influence susceptibility to cognitive 
decline after cardiac surgery. J Am Coll Cardiol. 2007;49:1934–1942.

 9. Mathew JP, Rinder HM, Smith BR, Newman MF, Rinder CS. 
Transcerebral platelet activation after aortic cross-clamp release is linked 
to neurocognitive decline. Ann Thorac Surg. 2006;81:1644–1649.

 10. Puskas F, Grocott HP, White WD, Mathew JP, Newman MF, Bar-Yosef 
S. Intraoperative hyperglycemia and cognitive decline after CABG. Ann 
Thorac Surg. 2007;84:1467–1473.

 11. Grocott HP, Mackensen GB, Grigore AM, Mathew J, Reves JG, 
Phillips-Bute B, et al; Neurologic Outcome Research Group (NORG); 
Cardiothoracic Anesthesiology Research Endeavors (CARE) 
Investigators’ of the Duke Heart Center. Postoperative hyperthermia is 
associated with cognitive dysfunction after coronary artery bypass graft 
surgery. Stroke. 2002;33:537–541.

 12. Newman MF, Grocott HP, Mathew JP, White WD, Landolfo K, Reves 
JG, et al; Neurologic Outcome Research Group and the Cardiothoracic 
Anesthesia Research Endeavors (CARE) Investigators of the Duke 
Heart Center. Report of the substudy assessing the impact of neurocog-
nitive function on quality of life 5 years after cardiac surgery. Stroke. 
2001;32:2874–2881.

 13. Phillips-Bute B, Mathew JP, Blumenthal JA, Grocott HP, Laskowitz 
DT, Jones RH, et al. Association of neurocognitive function and qual-
ity of life 1 year after coronary artery bypass graft (CABG) surgery. 
Psychosom Med. 2006;68:369–375.

 14. Lin JY, Chung SY, Lin MC, Cheng FC. Effects of magnesium sulfate 
on energy metabolites and glutamate in the cortex during focal cerebral 
ischemia and reperfusion in the gerbil monitored by a dual-probe micro-
dialysis technique. Life Sci. 2002;71:803–811.

 15. Hoffman DJ, Marro PJ, McGowan JE, Mishra OP, Delivoria-
Papadopoulos M. Protective effect of MgSO4 infusion on nmda receptor 
binding characteristics during cerebral cortical hypoxia in the newborn 
piglet. Brain Res. 1994;644:144–149.

 16. Billard JM. Ageing, hippocampal synaptic activity and magnesium. 
Magnes Res. 2006;19:199–215.

 17. Ovbiagele B, Kidwell CS, Starkman S, Saver JL. Potential role of neuro-
protective agents in the treatment of patients with acute ischemic stroke. 
Curr Treat Options Neurol. 2003;5:367–375.

 18. Bartrup JT, Stone TW. Presynaptic actions of adenosine are magnesium-
dependent. Neuropharmacology. 1988;27:761–763.

 19. Strong JA, Scott SA. Divalent-selective voltage-independent calcium 
channels in Lymnaea neurons: permeation properties and inhibition by 
intracellular magnesium. J Neurosci. 1992;12:2993–3003.

 20. Chi OZ, Pollak P, Weiss HR. Effects of magnesium sulfate and nifedipine 
on regional cerebral blood flow during middle cerebral artery ligation in 
the rat. Arch Int Pharmacodyn Ther. 1990;304:196–205.

 21. Sheu JR, Hsiao G, Shen MY, Fong TH, Chen YW, Lin CH, et al. 
Mechanisms involved in the antiplatelet activity of magnesium in human 
platelets. Br J Haematol. 2002;119:1033–1041.

 22. Arrowsmith JE, Harrison MJ, Newman SP, Stygall J, Timberlake N, 
Pugsley WB. Neuroprotection of the brain during cardiopulmonary 
bypass: a randomized trial of remacemide during coronary artery bypass 
in 171 patients. Stroke. 1998;29:2357–2362.

D
ow

nloaded from
 http://ahajournals.org by on M

ay 19, 2023



Mathew et al  Magnesium and Postoperative Cognitive Decline   3413

 23. Murkin JM, Newman SP, Stump DA, Blumenthal JA. Statement of con-
sensus on assessment of neurobehavioral outcomes after cardiac surgery. 
Ann Thorac Surg. 1995;59:1289–1295.

 24. Randt C, Brown E. Administration Manual: Randt Memory Test. New 
York, NY: Life Sciences Associates; 1983.

 25. Wechsler D. The Wechsler Adult Intelligence Scale-Revised (Manual). 
New York: Psychological Corporation; 1981.

 26. Reitan RM. Validity of the trail making test as an indicator of organic 
brain damage. Percept Mot Skills. 1958;8:271–276.

 27. Rinder HM, Bonan JL, Rinder CS, Ault KA, Smith BR. Dynamics of 
leukocyte-platelet adhesion in whole blood. Blood. 1991;78:1730–1737.

 28. Michelson AD, Furman MI. Laboratory markers of platelet activation 
and their clinical significance. Curr Opin Hematol. 1999;6:342–348.

 29. Rinder HM, Bonan JL, Rinder CS, Ault KA, Smith BR. Activated and 
unactivated platelet adhesion to monocytes and neutrophils. Blood. 
1991;78:1760–1769.

 30. Rinder CS, Bonan JL, Rinder HM, Mathew J, Hines R, Smith BR. 
Cardiopulmonary bypass induces leukocyte-platelet adhesion. Blood. 
1992;79:1201–1205.

 31. Borregaard N, Cowland JB. Granules of the human neutrophilic poly-
morphonuclear leukocyte. Blood. 1997;89:3503–3521.

 32. Xu X, Håkansson L. Degranulation of primary and secondary granules in 
adherent human neutrophils. Scand J Immunol. 2002;55:178–188.

 33. Rinder CS, Rinder HM, Smith BR, Fitch JC, Smith MJ, Tracey JB, 
et al. Blockade of C5a and C5b-9 generation inhibits leukocyte and 
platelet activation during extracorporeal circulation. J Clin Invest. 
1995;96:1564–1572.

 34. Muir KW. New experimental and clinical data on the efficacy of phar-
macological magnesium infusions in cerebral infarcts. Magnes Res. 
1998;11:43–56.

 35. Afshari D, Moradian N, Rezaei M. Evaluation of the intravenous mag-
nesium sulfate effect in clinical improvement of patients with acute isch-
emic stroke. Clin Neurol Neurosurg. 2013;115:400–404.

 36. Dorhout Mees SM, Algra A, Vandertop WP, van Kooten F, Kuijsten 
HA, Boiten J, et al; MASH-2 Study Group. Magnesium for aneurysmal 

subarachnoid haemorrhage (MASH-2): a randomised placebo-controlled 
trial. Lancet. 2012;380:44–49.

 37. Muir KW, Lees KR, Ford I, Davis S; Intravenous Magnesium Efficacy 
in Stroke (IMAGES) Study Investigators. Magnesium for acute stroke 
(Intravenous Magnesium Efficacy in Stroke trial): randomised controlled 
trial. Lancet. 2004;363:439–445.

 38. Temkin NR, Anderson GD, Winn HR, Ellenbogen RG, Britz GW, 
Schuster J, et al. Magnesium sulfate for neuroprotection after traumatic 
brain injury: a randomised controlled trial. Lancet Neurol. 2007;6:29–38.

 39. Mack WJ, Kellner CP, Sahlein DH, Ducruet AF, Kim GH, Mocco J, et 
al. Intraoperative magnesium infusion during carotid endarterectomy: a 
double-blind placebo-controlled trial. J Neurosurg. 2009;110:961–967.

 40. Bhudia SK, Cosgrove DM, Naugle RI, Rajeswaran J, Lam BK, Walton 
E, et al. Magnesium as a neuroprotectant in cardiac surgery: a random-
ized clinical trial. J Thorac Cardiovasc Surg. 2006;131:853–861.

 41. Brewer RP, Parra A, Borel CO, Hopkins MB, Reynolds JD. Intravenous 
magnesium sulfate does not increase ventricular CSF ionized magne-
sium concentration of patients with intracranial hypertension. Clin 
Neuropharmacol. 2001;24:341–345.

 42. McKee JA, Brewer RP, Macy GE, Phillips-Bute B, Campbell KA, Borel 
CO, et al. Analysis of the brain bioavailability of peripherally administered 
magnesium sulfate: a study in humans with acute brain injury undergoing 
prolonged induced hypermagnesemia. Crit Care Med. 2005;33:661–666.

 43. Merino JG, Latour LL, Tso A, Lee KY, Kang DW, Davis LA, et al. Blood-
brain barrier disruption after cardiac surgery. AJNR Am J Neuroradiol. 
2013;34:518–523.

 44. Iwamoto T, Kubo H, Takasaki M. Platelet activation in the cerebral circu-
lation in different subtypes of ischemic stroke and Binswanger’s disease. 
Stroke. 1995;26:52–56.

 45. Marquardt L, Ruf A, Mansmann U, Winter R, Schuler M, Buggle F, et 
al. Course of platelet activation markers after ischemic stroke. Stroke. 
2002;33:2570–2574.

 46. Zeller JA, Tschoepe D, Kessler C. Circulating platelets show increased 
activation in patients with acute cerebral ischemia. Thromb Haemost. 
1999;81:373–377.

D
ow

nloaded from
 http://ahajournals.org by on M

ay 19, 2023




