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Role of magnesium sulfate in aneurysmal
subarachnoid hemorrhage management:
A meta-analysis of controlled clinical trials

Tsinsue Chen, Bob S. Carter
Department of Neurosurgery, University of California San Diego, CA, USA

ABSTRACT

Background: There has been longstanding controversy over the use of magnesium sulfate infusion in the medical management
of aneurysmal subarachnoid hemorrhage (SAH). Several clinical trials evaluating the beneficial effects of magnesium
on cerebral vasospasm and their poor outcome have been published. However, results from the majority of these studies
have been inconclusive. This meta-analysis was performed to evaluate the effectiveness of magnesium on patient outcomes
after aneurysmal SAH.

Materials and Methods: PubMed and the Cochrane library were searched for controlled clinical trials assessing the efficacy
of magnesium sulfate infusion after aneurysmal SAH. Eight studies consisting of 936 patients were included.

Results: There was a decreased risk of poor outcome at 3—6 months after SAH in magnesium treatment groups when
compared to placebo [0.78 (95% CI 0.66—0.93)]. Poor outcome was defined as severe disability, persistent vegetative state,
or death, as measured by the Glasgow outcome scale (GOS), extended Glasgow outcome scale (GOSE) or modified Rankin
scale (MRS). The risk of mortality after SAH was unaffected by magnesium treatment [RR 0.68 (95% CI 0.58-1.27)1.

Conclusion: Magnesium sulfate infusion decreases risk of poor outcome after aneurysmal SAH. Current studies in the

literature do not suggest a role for magnesium sulfate in mortality reduction after SAH.
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Introduction

Although spontaneous subarachnoid hemorrhage (SAH)
accounts for a relatively small percentage of all strokes, it
affects up to 30,000 Americans each year and carries a high
mortality rate, with recently reported rates at 33-45%.0®
Patients surviving the initial hemorrhage are at high risk for
developing cerebral vasospasm, a leading cause of morbidity
and mortality in the post-hemorrhage period. Despite the
advances made in early and effective surgical and endovascular
aneurysm treatments, the incidences of both clinical and
radiographic vasospasm still remain high. In this article, we
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review concepts that underlie cerebral vasospasm and the
potential role of magnesium sulfate in treating this condition.

Cerebral vasospasm: Background and
pathophysiology

Cerebral vasospasm is the luminal narrowing of large cerebral
arteries after SAH, which leads to decreased cerebral blood flow
(CBF) and ischemia in the affected vascular territories. Vessel
narrowing typically begins 3-5 days after initial hemorrhage,
with peak vasoconstriction occurring between days 5 and
14.1% Vasospasm occurs due to several cascades of complex
events in the affected blood vessels and neurons, which can
be divided into three main categories: elevated levels of
intracellular calcium (Ca?*), increased production of vasoactive
substances, and structural injury to arterial vessel walls.!'!!

Elevated intracellular Ca?*

After SAH, there is an increase of Ca** influx into smooth
muscle and neuronal cells through voltage-gated Ca?*
channels and NMDA receptors. In addition, glutamate
is increased to six times its baseline levels, causing
hyperactivation of NMDA receptors and further Ca?* influx,
resulting in a high intracellular Ca** state. In smooth muscle
cells, this causes increased binding of Ca** to calmodulin.
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Calmodulin activates myosin light chain kinase (MLCK)
to phosphorylate myosin, which promotes myosin—actin
interaction. This induces smooth muscle contraction and
vessel wall constriction. In neuronal cells, high intracellular
Ca®* causes hyperactivation of enzymes such as proteases,
endonucleases and phospholipases, which destabilizes the
cell body and membrane, resulting in neuronal injury and
death.

Vasoactive compounds and vessel wall injury
During days 3-5 after SAH, the red blood cells (RBCs) in the
subarachnoid space begin breaking down and releasing
oxyhemoglobin. Oxyhemoglobin inhibits nitric oxide (NO), a
physiologic vasodilator, and stimulates leukocytes to produce
endothelin-1 (ET-1), a potent physiologic vasoconstrictor.
The net effect is vessel vasoconstriction. In addition, as
oxyhemoglobin is degraded, the reactive oxygen species and
free iron that are released cause oxidative damage to blood
vessel walls."!! Furthermore, vasoactive compounds such as
angiotensin II, serotonin, and norepinephrine are produced
in varying amounts after SAH, further contributing to vessel
constriction.?

Vasospasm prophylaxis and SAH management:
Role of magnesium sulfate

Current therapies for prevention and treatment of cerebral
vasospasm include Nimodipine, the only Class I, Level A
supported therapy,’¥ Simvastatin, induced hypertension,
euvolemia, intra-arterial vasodilation, magnesium sulfate
infusion, and various therapies currently being investigated
in clinical trials. These include Clozosentan (an endothelin
antagonist), Tirilizad (a free radical scavenger), albumin, and
lumbar drainage.

Magnesium sulfate is a physiologic Ca** antagonist widely
used amongst many medical specialties. It is perhaps most well
known for its use in obstetrics and was first implemented in
the mid-1950s to treat eclampsia in pregnancy.™ Since then,
magnesium has also been used for the treatment of cardiac
arrhythmias, hypertension, status asthmaticus, preterm labor,
seizures, dyspepsia, and constipation.'" Magnesium is an
appealing therapy for cerebral vasospasm because it targets
the vasospasm cascade at several different points as illustrated
in [Figure 1]."*2 It antagonizes voltage-gated Ca** channels
and NMDA receptors, as well as prevents Ca** from binding
calmodulin. This decreases smooth muscle contraction,
blood vessel constriction, and neurotoxicity. Magnesium also
inhibits leukocyte production of ET-1, decreases free radical
formation, and attenuates the effect of several vasoconstrictive
substances. Additional protective mechanisms of magnesium
include decreasing production of inflammatory mediators,
inhibiting platelet aggregation, increasing RBC deformability,
and improving perfusion to the brain through increasing
cardiac contractility." In the mid-1990s, magnesium was
shown to dilate spastic vessels in animal models of traumatic
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Figure 1: Effect of magnesium sulfate on the vasospasm cascade

SAH.!"Since then, it has gained much popularity for potentially
producing the same effect in humans, and several clinical trials
evaluating this effect have followed.

Over the past decade, at least 11 clinical trials have been
performed assessing the efficacy of magnesium sulfate in
SAH therapy.'*'*?7 Interestingly, although the majority of the
trials have demonstrated a trend toward decreased incidence
of vasospasm, delayed cerebral ischemia (DCI), and poor
functional outcome with magnesium treatment,2#2% only
two studies have demonstrated a statistically significant
difference in risk reduction of these outcome measures.!'>*!
We attributed this largely to the limitations of small study
population sizes and conducted a meta-analysis of these trials
to further investigate magnesium’s potential benefits.

Materials and Methods

Search strategy and criteria for study selection
PubMed and Cochrane library databases were searched from
January 2000 to May 2010 using the subsequent terms:
“magnesium sulfate” and “subarachnoid hemorrhage” or
“vasospasm”. Only clinical trials were selected, and after
review of each full text article, we found the definition of
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cerebral vasospasm to be highly varied across the trials. Some
studies defined cerebral vasospasm as “clinical vasospasm”,/*”
others defined it as “radiographic vasospasm”,/?'?*2¢ and
some required the presence of both clinical and radiographic
signs to meet the criteria for vasospasm.!'2?22*l Furthermore,
measurement methods of radiographic vasospasm varied
among the trials (i.e. by TCD, angiography, or CT scan).

Our inclusion criteria for selected studies were as follows:
(1) randomized controlled trials comparing the efficacy of
intravenous magnesium sulfate treatment versus placebo
in patients with aneurysmal SAH and (2) studies reporting
functional outcomes at 3 or 6 months as indicated by Glasgow
Outcome Scale (GOS), extended Glasgow Outcome Scale (GOSE)
or modified Rankin Scale (mRS). The primary outcome of this
meta-analysis was poor outcome at 3—6 months after SAH, an
outcome measure that was consistently defined.'>!¥%" Poor
outcome was defined as severe disability, persistent vegetative
state, or death, corresponding to GOS scores 1-3, GOSE scores
1-4, and mRS scores 5-6. An additional outcome evaluated
was mortality rate.

Data extraction

The full text of each study was retrieved and reviewed, and
only those meeting the study selection criteria were included
in the analysis. Data were extracted by two investigators
(Tsinsue Chen and Bob Carter) and the following information
was obtained from each study: study design, number of
patients, magnesium administration protocol, and incidence
of primary and secondary outcomes.

Statistical analysis

The data were processed and meta-analysis was performed
with fixed effects and random effects models using Stata/IC
11.0 Data Analysis and Statistical software by StataCorp. The
difference in risk outcome was represented by the relative
risk (RR) with 95% confidence intervals (95% CI) of outcome
occurrence in treatment versus placebo group in each study.
Statistical significance was set at P <0.05.

Results

Searches of PubMed, Cochrane Library, and bibliographies of
pertinent manuscripts identified 11 clinical trials relevant
to the topic of interest.'>'®2" Eight of these met the study
selection criteria and were included in the analysis. There
were a total of 936 patients; 477 were treated with magnesium
sulfate and 459 received placebo.!'#?"?" Characteristics of these
eight trials are listed in [Table 1].

All treatment groups were administered intravenous
magnesium sulfate within 5 days of initial SAH. A summary
of infusion protocols is included in [Table 2]. Infusion dosing
ranged between 12 and 48 g/day; initiation of treatment ranged
from immediately after confirmation of SAH to 5 days post-
hemorrhage; total length of treatment varied between 12 and
18 days post-hemorrhage. Five of the eight studies administered
a one-time magnesium bolus prior to continuous infusion2+*7
and the other three studies began infusion without bolus.221%*!
Patients in all studies received standard intensive care unit (ICU)
care and were simultaneously administered Nimodipine.['2!527

Table 1: Trial characteristics and outcome results

Trial No. of patients  Study design Mean age Poor Favorable Death Survival
outcome (%) outcome (%) (%) (%)
Wong (2010) Total: 327 Multicenter, randomized, placebo-
Study 169 controlled, phase lll, double-blinded 57 61 (36) 108 (64) 17 (20) 152 (90)
Control 158 study 57 58(37) 100 (63) 19 (12) 139 (88)
Westermaier (2010) Total: 107 Monocenter, randomized, placebo-
Study 50 controlled, clinical study 50 20 (40) 30 (60) 6 (12) 44 (88)
Control 52 52 26 (50) 26 (50) 10 (19) 42 (81)
Muroi (2008) Total: 58 Monocenter, randomized, single-blind,
Study 31 placebo-controlled study 53.6 (214.4) 11 (35) 20 (65) 4 (13) 27(87)
Control 27 52.1(+11.3) 14 (52) 13 (48) 4(15) 23 (85)
Stippler (2006) Total: 76 Monocenter, historical control group
Study 38 54.9 7(18) 31(82) 7(18) 31(82)
Control 38 544 19 (50) 19 (50) 4 (12) 34 (89)
Wong (2006) Total: 60 Monocenter, randomized, placebo-
Study 30 controlled, double-blind study 58 10 (33) 20 (67) 4 (13) 26 (87)
Control 30 62 14 (47) 16 (53) 5(17) 25(83)
Van den Bergh (2005) Total: 283 Multicenter, randomized, placebo-
Study 122 controlled, double-blind study >18 32 (26) 90 (74) N/A N/A
Control 127 >18 44 (35) 83 (65)
Venya (2002) Total: 40 Monocenter, randomized, placebo-
Study 20 controlled, single-blind study 46 7 (35) 13 (65) 3(15) 17 (85)
Control 16 51 8 (50) 8 (50) 2(13) 14 (87)
Chia (2002) Total: 23 Monocenter, historical control group
Study 13 511 3(23) 10(77) o(o) 13 (200)
Control 10 58.9 2 (20) 8 (80) 1(10) 9(90)
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Table 2: Magnesium administration protocol and dose monitoring of included trials

Trial Mg2+ application

Mg2+ infusion protocol Dose monitoring and adjustment

Wong Start after confirmation of aneurysm by CT or
angiography, for 14 days

Westermaier Within 3 days, for 10 days. On Day 11, if resolved
clinical or Doppler signs of vasospasm, ¥ rate by ¥4
and start oral taper (3 by 15 mmol every other day). IV

discontinued 24 hours after 4 of infusion rate

Muroi Start on day of admission, for 12 days
Stippler Start after verification of SAH, for 12 days
Wong Start within 2 days, for up to 14 days

Van den Bergh Start within 4 days for 14—18 days (14 days after
aneurysm occlusion or max 18 days after SAH when

securing of aneruysm is >4 days after SAH onset)

Venya Start within 3 days, for 10 days

Chia Start within 5 days, until ICU discharge

Bolus: 20 mmol/30 min
Cont: 80 mmol/day (20 g/day)

Monitoring: Q day

Target: 2x baseline and <2.5 mmol/L
Bolus: 16 mmol/30 min

Cont: 8 mmol/hour (48 g/day)

Monitoring: 3 hours post-bolus, then
q8hours
Target: 2.0-2.5 mmol/L

Bolus: 16 mmol in 150 mL LR
Cont: 64 mmol/day (16 g/day)

Monitoring: Q 12 hours
Target: 2x baseline levels and <2
mmol/L

Bolus: none None
Cont: 12 ¢ MgSOg in 500 mL 0.9%
NaCl at 212 mL/hour (20 g/day)
Bolus: 20 mmol/20 min

Cont: 80 mmol/day (20 g/day)

Bolus: none
Cont: 64 mmol/day (16 g/day)

Target: 2x baseline value and <2.5
mmol/L

No obligatory monitoring

Bolus: 25 mmol/30 min
Cont: 144 mmol/day (36 g/day)

Monitoring: 6 hours after dose
change, and q 12 hours thereafter
Target: 4—4.5 mg/dL

Bolus: none Monitoring: q day
Cont: 24-52 mmol/day (12-48 g/ Target: 1.0-1.5 mmol/L
day) Dose adjusted for renal insufficiency,

but protocol not specified

Mg2+ = Magnesium, CT = Computerized tomography, IV = Intravenous, SAH = Subarachnoid hemorrhage

All the eight studies provided data for the primary outcome,
which was poor outcome at 3—-6 months. Our analysis
demonstrated that magnesium sulfate infusion decreases
the risk of poor functional outcome at 3—6 months after SAH
[RR 0.78 (95% CI 0.66—0.93)] [Figure 2]. There was a 20% RR
reduction with treatment. Incidence of poor outcome was
32% in the treatment group and 40% in the control group.
The secondary outcome of interest was mortality. All, but one,
study provided mortality data; no results were available from
the 2005 trial published by Van den Bergh et al. A total of 677
patients were included, and similar mortality rates were seen
in both the groups (12% in the treatment group vs. 14% in
the control group). Our analysis demonstrated that there was
no effect of magnesium on mortality rate after SAH [RR 0.68
(95% CI 0.58—1.27)] [Figure 3].

Discussion

Magnesium’s role in SAH management has been investigated
in several clinical and experimental studies in the past decade.
Our meta-analysis of eight selected trials (936 patients)
shows that magnesium treatment confers a decreased risk
of poor clinical outcome when compared to control and is
a worthy therapy in SAH management. It is still uncertain,
however, whether magnesium has a direct beneficial effect
on decreasing the risk of clinical or radiographic vasospasm
in the immediate post-hemorrhage period. Our results are
consistent with findings from the analysis done by Zhao
et al. on five controlled trials conducted from 2002 to 2006/
and the study by Ma et al., which included 513 patients

from 2002 to 2008 in a combined analysis of poor outcome.
Ma et al.’s pooled data from five clinical trials also demonstrated
a borderline statistically significant decrease in risk for clinical
signs of DCL.®!

An important point to consider is that patients may process
and metabolize magnesium at different rates based on
variations in genetics, co-morbidities (i.e. renal failure), and
pre-hemorrhage nutritional status. The same daily dose of
magnesium may result in different serum levels in each
patient. Thus, it may be best to dose magnesium by targeting
therapeutic serum ranges rather than administering a constant
infusion rate.

Limitations of combining these eight studies include variations
in the magnesium dosing protocols as well as the timing
of measurement outcomes. Future studies should aim for a
phase III trial design with population sizes large enough to
evaluate the outcomes of interest at a statistically significant
level. Though pooling trials through meta-analysis provides
useful information, a larger trial with clearly defined study
parameters would provide more powerful evidence assessing
the efficacy of magnesium use. Rather than administering a
universal dose of magnesium to all treatment groups, different
groups should be formed based on target levels of magnesium.
For example, one treatment group should have daily levels
to target 3—4 mg/dL, another to target 4-5 mg/dL, and one
to target 5-6 mg/dL. Categorizing results based on serum
ranges allows for determination of target serum levels that
correspond with the best patient outcomes. Outcome measures
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Study Treatment Control RR (fixed) RR (fixed) % Weight
n/iN niN 95% Cl 95% ClI

Wong G. G163 Sl ._ 0.98 (0.74,1.31) 318

Westemmaier T. 20/54 26153 _.__ 0.75 (0.48,1.18) 13.9

Muroi C. 11731 14/27 _.'__ 0.68 (0.38,1.24) 79

Stippler M. 7/38 19/38 _-_ 037 (0.18,0.77) 10.1

Wong G. 10/30 14/30 _.__ 0.71 (0.38,1.35) 74

Van den Bergh W. 321122 441127 _.__ 0.76 (0.52,1.11) 29

VenyaR. 7120 8/16 _.,__ 0.70 (0.32,1.52) 47

ChiaR.Y. 3/13 2/10 i 1.15 (0.24,5.65) 1.2

Overall (95% Cl) 477 459 <> 0.78 (0.66,0.93) 100.0

] | ]

Total events: 151 (Treatment), 185 (Control) A 1 10

Test for heterogeneity: Chi-squared =7.05 (f. =7) p = 0.424 Favours Treatment Favours Control

Test of overall effect: Z=2.78 (p= 0.005)

Figure 2: Effect of magnesium sulfate vs. control on risk of poor outcome 3-6 months after aneurismal subarachnoid hemorrhage. There is a
decreased risk of poor outcome with magnesium treatment. Poor outcome is defined as death, vegetative state, or sever disability, as measured
by Glasgow outcome scale, extended Glasgow outcome scale, and modified Rankin scale score

Study Treatment Control RR (fixed) RR (fixed) % Weight
n/N n/N 95% Cl 95% CI

Wong G. 171169 19/158 _-_ 0.84 (0.45,1.55) 41.9
Westermaier T.  6/54 10/53 _._.__ 0.59 (0.23,1.51) 215
Muroi C. 4/31 4127 _._ 0.87 (0.24,3.15) 9.1
Stippler M. 7/38 4/38 __._ 1.75 (0.56,5.49) 85
Wong G. 4/30 5/30 ; 0.80 (0.24,2.69) 107
Venya R. 3/20 2/16 : t 1.20 (0.23,6.34) 47
ChiaR.. 0/13 110 = ] 0.26 (0.01,5.82) 3.6
Overall (95% CI) 355 322 C - 0.86 (0.58,1.27) 100.0
Total Events: 41 (Treatment), 45 (Control) | | |
Test for Heterogeniety: Chi-squared = 2.85 (d.f. =6) p = 0.828 R 1 10
Test for overall effect: Z=0.77 (p=0.442) Favours Treatment  Favours Control

Figure 3: Effect of magnesium sulfate vs. control on risk of mortality after aneurismal SAH. Magnesium has no effect on risk of mortality after

aneurismal SAH

should include clinical vasospasm, radiographic vasospasm,
poor outcome, and good outcome at both 3 and 6 months.

Magnesium sulfate in subarachnoid hemorrhage (MASH II) is
a Netherlands-based, phase III, international multicenter trial
currently underway. Its primary outcome measure is poor
outcome at 3 months after SAH as measured by mRS 4-5.

Secondary outcomes include no symptoms at 3 months and
Rankin scores for all patients. Sample size is 1200 patients, as
was determined to be necessary to reach statistical significance
based on the previous MASH I study by the same investigators.
Magnesium infusion protocol will remain unchanged from
MASH I [treatment to be administered within 4 days of
confirmed SAH, without bolus, at a rate of 64 mmol/day
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(16 g/day)]. Investigators report this dose to be safe and
effective in maintaining serum levels of 1.0-2.0 mmol/day.
As of 2008, over 430 patients had been enrolled from six
international centers, and investigators anticipate results to
be available this year.*” Magnesium clearly plays a beneficial
role in SAH management; however, larger trials are still needed
to evaluate the extent of magnesium’s positive effects. Results
from MASH II will help clarify these effects and provide further
evidence regarding the use of magnesium sulfate after SAH.
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