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Objective. After subarachnoid hemorrhage, magnesium could reduce the incidence of delayed cerebral ischemia; however, it is still
controversial. This study updated the results of recently published magnesium-related studies and conducted an exploratory
analysis of the impact of application strategies and intervention factors on the results. Methods. Public databases were searched
from the date of their inception to May 10, 2021. Randomized controlled trials on magnesium agent-related regimens for
subarachnoid hemorrhage patients were included. Results. In total, 28 articles were included in the meta-analysis. For delayed
cerebral ischemia, magnesium-related interventions significantly reduced the risk of delayed cerebral ischemia compared with
nonmagnesium interventions (odds ratios: 0.40; 95% confidence interval: 0.28-0.56; p < 0.01). For cerebral vasospasm, a random
effects model showed that magnesium significantly reduced the risk of cerebral vasospasm (odds ratios: 0.46; 95% confidence
interval: 0.33-0.63; p<0.01). In the subgroup analysis, intracranial magnesium (odds ratios: 6.67; 95% confidence interval:
1.14-38.83; p = 0.03) and magnesium plus hydrogen (odds ratios: 10; 95% confidence interval: 1.59-62.73; p = 0.01) produced
significant results in improving the good recovery rate compared to the control. In the network meta-analysis, magnesium plus
nimodipine and simvastatin even showed an effective trend in death/persistent vegetative status improvement. Conclusion. This
study supports the beneficial effect of magnesium in reducing the risk of delayed cerebral ischemia. Based on a single randomized
controlled trial, immediate intracranial magnesium therapy with intravenous hydrogen after subarachnoid hemorrhage can
increase the good recovery rate. Therefore, more high-quality studies are needed to confirm this finding.

higher incidence of cerebral vasospasm (CVS) and delayed
cerebral ischemia (DCI) [6, 7]. It is currently believed that

Subarachnoid hemorrhage (SAH) accounts for approxi-
mately 5% of all types of stroke incidence, however, this
prevalence is higher among the young and middle-aged
population and has an extremely poor prognosis [1, 2]. SAH
occurs in approximately 9 per 100,000 people every year, and
half of SAH patients are younger than 55 years of age and
have an extremely poor prognosis [3]. One-third of people
die within three months after hemorrhage, and one-fifth of
people with SAH need to rely on others for daily activities
[4].

The current evidence-based treatment for SAH is neu-
rosurgical clipping or endovascular coiling and adminis-
tration of nimodipine [5]. However, patients still have a

DCI is the main cause of death and neurological deficits in
SAH patients [8].

Magnesium is a low-cost neuroprotective agent that has
been successfully applied in eclampsia treatment. Eclampsia
has the same pathophysiological characteristics as DCI after
SAH [9]. A recent observational study supports that mag-
nesium influences hemorrhage severity in patients with
SAH, potentially through a hemostatic mechanism [10]. The
effect of magnesium on SAH is still controversial. In an
individual patient data meta-analysis of magnesium for
SAH, it was believed that magnesium intervention in an
earlier time window did not bring more beneficial DCI
results [11]. Two meta-analyses reported that magnesium
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can reduce the risk of DCI [12, 13], and one meta-analysis
indicated that magnesium can significantly reduce the in-
cidence of CVS [14]. However, magnesium application did
not show benefits with respect to neurological recovery
results and mortality.

The incongruence between phase 2 and phase 3 clinical
studies of magnesium for SAH was reviewed recently.
However, it neglected the impact of combination drugs and
infusion routes on the therapeutic effect of magnesium [15].
One of the major concerns arising from the magnesium for
aneurysmal subarachnoid hemorrhage (MASH)-2 trial is
that magnesium does not cross the blood-brain barrier well.
The intracisternal (but not intravenous) magnesium infu-
sion strategy reinspired enthusiasm for its clinical applica-
tion [16]. In addition, the use of concomitant drugs in Japan,
China (fasudil), Europe, and North America (nimodipine)
will also affect magnesium treatment for SAH [16]. Another
review indicated that the immediate intracisternal infusion
of magnesium with intravenous hydrogen may be effective
for treating early brain injury after SAH [17]. However, it is
qualitative and did not analyze the impact of concomitant
drugs. Finally, the review still believes that even if magne-
sium is not routinely used, it is still reasonable to maintain
magnesium levels in the normal range because hypomag-
nesemia is associated with DCI and poor prognosis on SAH
[17].

The current study updated the results of recently pub-
lished magnesium-related randomized controlled trials
(RCTs) and further evaluated the effects of magnesium
application regimens on DCI, CVS, the modified Rankin
score (mRS), the Glasgow outcome scale (GOS) scores, and
mortality through a network meta-analysis. It also tried to
analyze the impact of important factors among the studies
on the above outcomes by meta-regression.

2. Methods

2.1. Search Strategy. We searched all RCTs on the magne-
sium-related treatment of SAH published up to 24 May 2021.
The searched public databases included PubMed, Embase,
the Cochrane Library, Scopus, EBSCO, and the Chinese
databases of China National Knowledge Infrastructure
(CNKI), Wanfang, Chongqing VIP, and SinoMed. The
keywords included subarachnoid hemorrhage, magnesium,
and random®. To avoid omission, manual searches of ref-
erences in related reviews were also performed.

2.2. Inclusion and Exclusion Criteria. Two authors checked
the literature according to the established inclusion and
exclusion criteria. If there was a dispute, it was discussed
with the third author to make a concordant decision. The
inclusion criteria were as follows: (1) study researched SAH
patients, (2) RCT design, (3) the intervention group used
magnesium-related treatment, and the control group did not
use magnesium in treatment or a different magnesium-re-
lated treatment from intervention group, (4) the study re-
ported one of the following outcomes: frequency of DCI,
CVS, good recovery(GR) patients according to mRS or GOS/
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the Glasgow outcome scale extended (GOSE) assessment,
death, or persistent vegetative status (PVS). The exclusion
criteria were as follows: (1) the study included SAH patients
who were younger than 18 years old, (2) the study researched
magnesium intervention that included other stroke patients
and did not report SAH patients’ results separately, (3) post
hoc research, (4) protocol, (5) non-RCTs, and (6) the study
did not report the outcomes of interest. Although the search
had no language restrictions, the included studies needed to
at least have English abstracts. In addition, reviews, com-
ments, and conference abstracts were also excluded.

2.3. Data Extraction. The extracted information included
the first author’s name, publication year, research location,
sample size, magnesium intervention time window, neu-
rosurgical treatment, magnesium intervention, injection
dosage and route, magnesium treatment duration, control
treatment, and follow-up. The outcomes included the fre-
quency of DCI, CVS, GR according to mRS or GOS/GOSE
assessment, and death or PVS. The Cochrane bias risk as-
sessment tool was used to evaluate the methodological
quality of the included RCTs [18].

2.4. Statistical Methods. Odds ratios (ORs) and 95% con-
fidence intervals (CIs) were pooled for dichotomous out-
comes, and the prediction interval (PI) was also reported.
We evaluated heterogeneity by the chi” test and calculated I*.
Significant heterogeneity was defined as an I* greater than
50%. The Mantel-Haenszel and Peto methods were used for
the fixed effects model, and the Mantel-Haenszel method
was used for the random effects model [19]. Funnel plots,
Begg’s test, and Egger’s test were performed to identify
potential publication bias. If the results had potential
publication bias, the trim-and-fill method was used for
correction.

The pooled results were further analyzed by a subgroup
analysis based on treatment strategies, and frequentist
random effect network meta-analysis was also used to rank
the effect of strategies based on mixed multiple treatment
comparisons [20]. The methods for assessing the extent of
the heterogeneity and inconsistency based on generalized
Cochran’s Q statistic were used for network meta-analysis.
The P score was calculated to rank the intervention strat-
egies, and k-means cluster analysis of multiple outcomes was
performed [21]. Other important factors that potentially
affect outcomes, including publication time, time window,
magnesium dose, intervention duration, and follow-up time,
were analyzed by metaregression. The software used for
analysis included the “meta,” “netmeta,” and “pheatmap”
packages in R language (version 4.0.5) and RevMan (version
5.3).

3. Results

After searching public databases, a total of 611 English
publications and 597 Chinese publications were obtained.
After removing duplicate publications, 216 English and 195
Chinese publications remained. After screening the titles
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and abstracts, 70 English publications and 25 Chinese
publications remained. After full-text screening, 67 publi-
cations were excluded for the following reasons: 13 publi-
cations were reviews, 12 publications were post hoc studies,
3 publications did not include SAH patients or report SAH
patients separately, one publication was a protocol, 8
publications did not report the desired outcomes, 2 publi-
cations were not RCTs, 11 publications were conference
abstracts, 16 publications were non-English articles without
English abstracts, and one publication included SAH pa-
tients younger than 18 years. Finally, 28 papers were in-
cluded in this meta-analysis [22-49] (Figure 1).

The publication time ranged from 2002 to 2021. One
study clearly excluded patients who needed neurosurgical
surgery within 72 hours [24], eight studies did not mention
surgery [23, 28, 37-40, 42, 45], and others performed
neurosurgery for patients based on actual conditions. Two of
the magnesium applied routes are intracranial [22, 27]. The
follow-up period ranged from 2 weeks to 1 year (Table 1).

Since all included studies were RCTs, the level of overall
evidence was acceptable (Figure 2). However, with the ex-
ception of several large-scale phase III clinical studies, the
sample sizes in the remaining studies were relatively small.
The assessment of DCI, CVS, and GR still suffers from
subjective bias, which may cause the results to be more
positive. In addition, several studies, including those with
small sample sizes, may also impact the robustness of the
results.

For DCI, the fixed effects model showed that magne-
sium-related interventions significantly reduced the risk of
DCI compared with nonmagnesium interventions (OR:
0.40; 95% CI: 0.28-0.56; p < 0.01). In the subgroup analysis,
the fixed effect model showed that magnesium plus nimo-
dipine can significantly reduce the risk of DCI compared to
nimodipine (OR: 0.41; 95% CI: 0.25-0.65; p<0.01), and
magnesium alone can also reduce the risk of DCI (OR: 0.23;
95% CI: 0.11-0.50; p<0.01) compared to conventional
treatment without clear combination drugs, such as
nimodipine (Figure 3). There was no significant result in
other subgroups. Publication bias analysis showed that there
was potential bias (Egger’s test, p = 0.0165) (Supplementary
Figure 1(a)). After correction, the results were still con-
sidered stable (OR: 0.49; 95% CI: 0.31-0.77; p <0.01).

For CVS, the random effects model (OR: 0.46; 95% CI:
0.33-0.63; p <0.01) and fixed effects model (OR: 0.52; 95%
CI: 0.43-0.64; p <0.01) showed that magnesium can signif-
icantly reduce the risk of CVS. In the subgroup analysis, the
fixed effects model (OR: 0.64; 95% CI: 0.50-0.83; p <0.01)
and the random effects model (OR: 0.57; 95% CI: 0.39-0.83;
p <0.01) showed that magnesium plus nimodipine can sig-
nificantly reduce the risk of CVS compared to nimodipine
alone. Magnesium also significantly reduced the risk of CVS
compared to conventional treatment (OR: 0.25; 95% CI:
0.12-0.49; p < 0.01). Other subgroups also showed significant
results, however, they were based on the results of single
studies (Figure 4). Egger’s test showed potential publication
bias (p = 0.005) (Supplementary Figure 1(b)). After correc-
tion, the random effect models did not support the positive
results (OR: 0.73; 95% CI: 0.52-1.03; p = 0.07).

For death or PVS assessment, the fixed effect model did
not support that magnesium can significantly reduce the risk
of death or PVS in SAH patients (OR: 0.72; 95% CI: 0.72-1.09;
p =0.27). In the subgroup analysis, only magnesium plus
simvastatin and nimodipine had a tendency to reduce the
risk, however, the difference was not significant (OR: 0.20;
95% CI: 0.04-1.02; p = 0.05) (Figure 5). Potential publication
bias was revealed by Egger’s test (p = 0.029) (Supplementary
Figure 1(c)), and the negative results were not changed after
correction (OR: 0.97; 95% CI: 0.79-1.19; p = 0.79).

For the GR results based on the mRS evaluation, the
random effects model (OR: 1.26; 95% CI: 0.90-1.77;
p =0.17) did not show a significant effect of magnesium
application in improving GR. In the subgroup analysis,
magnesium (OR: 6.67; 95% CI: 1.14-38.83; p = 0.03) and
magnesium plus hydrogen (OR: 10; 95% CI: 1.59-62.73;
p =0.01) produced significant results compared to the
control. However, these positive results were based on one
study [22]. In this study, magnesium was used intracranially,
and hydrogen was intravenously used in the magnesium plus
hydrogen group. Because of the small number of studies, no
publication bias analysis was performed. Based on the GOS/
GOSE assessment, a fixed effects model showed that mag-
nesium did not significantly increase the frequency of GR
persons (OR: 1.13; 95% CI: 0.87-1.46; p = 0.34). The sub-
group analysis also did not show the advantages of mag-
nesium application (Figure 6).

For the network meta-analysis of DCI, no significant
heterogeneity (Q=4.07; df=4; p = 0.396) or inconsistency
(Q=1.00; df=1; p = 0.316) was found. Pairwise compari-
sons showed that magnesium plus nimodipine was signif-
icantly better than nimodipine (OR: 0.45 95% CI:
0.27-0.74). Magnesium (OR: 4.23; 95% CI: 1.89-9.44),
magnesium plus nimodipine (OR: 8.15; 95% CI: 2.21-30.03),
and nimodipine (OR: 3.63; 95% CI: 1.09-12.09) were sig-
nificantly better than the control. In the p-score ranking
results, magnesium plus cinepazide (0.94) and magnesium
plus nimodipine (0.75) have advantages. Other comparisons
and P-score results were shown in Supplementary Table 1. In
the CVS results, no significant heterogeneity (Q=23.66;
df=15; p=0.07) or inconsistency (Q=2.55; df=3;
p =0.465) was found. Magnesium plus nimodipine was
significantly better than nimodipine (OR: 0.59; 95% CI:
0.41-0.84). Magnesium (OR: 4.11; 95% CI: 1.77-9.53),
magnesium plus nimodipine (OR: 5.66; 95% CI:1.82-17.65),
and nimodipine (OR: 3.32; 95% CI: 1.11-9.99) were sig-
nificantly better than the control. In the p-score ranking
results, magnesium plus cinepazide (0.88) and magnesium
plus nimodipine and simvastatin (0.84) have relative ad-
vantages. Other comparisons and P-score results are shown
in Supplementary Table 2. For death or PVS results, there
was also no significant heterogeneity (Q=5.69; df=12;
p=0.93) or inconsistency (Q=0.10; df=1; p=0.75).
Pairwise comparisons showed that only magnesium plus
nimodipine and simvastatin had a significant advantage
compared to the control (OR: 11.49; 95% CI: 1.35-98.04).
The P-score ranking results show that magnesium plus
nimodipine and simvastatin (0.95) has relative advantages
(Figure 7). Other comparisons and P-score results are shown
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FiGure 1: Flowchart of the study identification process.

in Supplementary Table 3. Network meta-analysis was not
performed on GR results because of fewer interventions.
Therefore, the p-score ranking results of DCI, CVS, and
death/PVS were clustered. In general, magnesium plus
nimodipine, magnesium plus cinepazide, magnesium plus
nimodipine and simvastatin, and magnesium plus flunar-
izine were categories that had relative advantages (Figure 8).

Metaregression analysis was performed to compare
magnesium plus nimodipine and nimodipine alone. How-
ever, the factors were not found to have a significant impact
on the effect size in all analyzed results. The multivariate
analysis was not performed further (Supplementary Table 4).

4. Discussion

In this study, we analyzed the effects of the magnesium
application strategy on reducing the risk of DCI, CVS, PVS,
and death, as well as on GR and GOSE for SAH patients by
conventional meta-analysis with subgroup analysis. Fur-
thermore, network meta-analysis was performed to compare
the effects of different magnesium application strategies.
This work explained the reasons for the controversy about
the effect of magnesium on SAH from the perspectives of
different magnesium application strategies. This study
provides evidence for improving the magnesium application
strategy in the treatment of SAH in the clinic.

This study supported that magnesium can significantly
reduce the DCI risk. At the same time, magnesium can also
reduce the CVS risk, however, this positive result may be
because of potential publication bias. In the subgroup
analysis, intracranial magnesium and magnesium plus hy-
drogen produced significant results in improving the GR
rate compared to the control. In the network meta-analysis,
magnesium plus nimodipine and simvastatin showed an
effective trend in death/PVS outcome. In the comparisons of
magnesium plus nimodipine and nimodipine alone, the
metaregression analysis did not identify significant factors
related to the outcome.

In the exploratory analysis, the advanced results of
magnesium plus cinepazide are based on a Chinese study.
Cinepazide maleate, a calcium antagonist, also has the ability
to inhibit platelet aggregation and inflammatory factor
formation. In clinical studies, there is still a lack of well-
designed studies on cinepazide for SAH. For ischemic
stroke, an RCT showed that cinepazide maleate can improve
the neurological function recovery and the activities of daily
living in ischemic stroke patients who are better than those
in the placebo group [50]. However, the therapeutic effec-
tiveness of magnesium plus cinepazide in SAH still needs to
be confirmed by more authoritative clinical studies.

Simvastatin application on the basis of magnesium plus
nimodipine can further improve the results of DCI and CVS,
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Westermaier T 2010 12 54 27 53 - 0.28 [0.12;0.64]  19.6% 17.7%
Takeuchi S 2021 1 12 7 13 [ —— 0.08 [0.01;0.79] 5.7% 3.1%
Fixed effect model 66 66 - 0.23 [0.11; 0.50] 25.3% -
Random effects model - 0.24 [0.11; 0.53] — 20.7%
Heterogeneity: I? = 1%, 72 = 0.0088, p = 0.31
Intervention = Mg vs Nimo
Elsaesser RS 2006 13 53 14 51 —— 0.86 [0.36;2.07] 10.0% 16.5%
Fixed effect model 53 51 i 0.86 [0.36;2.07] 10.0% —
Random effects model 0.86 [0.36; 2.07] — 16.5%
Heterogeneity: not applicable
Intervention = MgFasu vs Fasu
Yamamoto T 2016 5 35 9 35 T 0.48 [0.14; 1.62] 7.1% 9.9%
Fixed effect model 35 35 *— 0.48 [0.14; 1.62] 7.1% -
Random effects model —~— 0.48 [0.14; 1.62] —_— 9.9%
Heterogeneity: not applicable
Intervention = MgH2 vs Control
Takeuchi S 2021 2 12 7 13 0.17 [0.03;1.11] 5.2% 4.6%
Fixed effect model 12 13 —————— 0.17 [0.03;1.11] 52% -
Random effects model —_— 0.17 [0.03; 1.11] - 4.6%
Heterogeneity: not applicable :

i

i
Fixed effect model 462 457 * 0.40 [0.28; 0.56] 100.0% —
Random effects model < 0.40 [0.26; 0.61] — 100.0%
Prediction inter : : — : I [0.18; 0.88]

0.1 1 10 100

Favor Magnesium  Favor No—-Mg

FI1GURE 3: Forest plot of magnesium-related strategies on DCI results in the meta-analysis. Fasu: fasudil; H,: hydrogen; Mg: magnesium;

Nimo: nimodipine.

and it even has a trend of reducing the risk of death/PVS
compared to nimodipine. A review showed that the low-
dose statin therapy may have a beneficial effect in reducing
the hemorrhagic transformation induced by thrombolysis
[51]. Therefore, whether the application of simvastatin on
the basis of magnesium plus nimodipine inhibits hemor-
rhagic transformation after a residual secondary cerebral
infarction to exert a neuroprotective effect and reduce the
risk of death still needs to be confirmed by clinical studies.

In the GR results, an analysis based on a single study
suggested that the intracranial application of magnesium with
or without the antioxidative stress therapy may be able to
improve the patient’s neurological outcome. The character-
istic of this study is that it significantly increases the level of
magnesium in the brain but not in the peripheral circulation.
Theoretically, it acts more directly on intracranial blood

vessels and exerts neuroprotective effects. An intravenous
magnesium injection has a limited effect on increasing its
level in cerebrospinal fluid and may also affect other organs,
causing bradycardia and hypotension. In addition, the study
focused on Fisher grade 3-4 SAH patients and did not apply
nimodipine [22]. Therefore, the study suggests that for poor-
grade SAH patients, increasing the intracranial magnesium
concentration can help reduce DCI and CVS rates and im-
prove neurological function recovery.

Observational studies suggest that hypomagnesemia is
independently associated with hemorrhagic transformation,
poor functional recovery, and DCI in SAH patients [10, 17].
Therefore, it is still reasonable to maintain magnesium levels
in the normal range after SAH [17]. Magnesium showed
improvement in neurological function in a phase 2 study
[48] and was negative in a phase 3 study [30, 34]. The
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Experimental Control . o Weight ~ Weight

Study Events Total Events Total Odds Ratio OR  95%=CI (fixed) (random)
Intervention = MgNimo vs Nimo q
Veyna RS 2002 6 20 5 16 —— 0.94 [0.23;3.92] 1.5% 3.2%
Boet R 2005 6 23 12 22 — - 0.29 [0.08;1.03] 3.5% 3.8%
Wong gke 2006 11 30 17 30 —— 0.44 [0.16;1.25] 4.2% 4.7%
Baiocchi M 2006 3 8 5 9 —_— 0.48 [0.07;3.35] 1.1% 2.1%
Yiming S 2006 10 26 7 13 —:'—— 0.54 [0.14;2.06] 2.2% 3.5%
Muroi C 2007 12 31 10 27 -:—I— 1.07 [0.37;3.11] 2.6% 4.5%
Fountas KN 2008 9 25 10 24 —re— 0.79 [0.25;2.49] 2.6% 4.2%
Akdemir H 2009 10 40 14 43 —-— 0.69 [0.26;1.80] 4.0% 5.0%
Wong gke 2010 42 169 29 159 b 1.48 [0.87;2.53] 8.8% 7.3%
Aidaros M 2011 5 12 6 8 —'—‘:—— 024 [0.03;1.71] 1.6% 2.0%
Bradford CM 2013 40 79 50 78 - 0.57 [0.30; 1.09] 9.7% 6.7%
Songwei W 2016 1 25 6 25 —I—r:— 0.13 [0.01;1.19] 2.2% 1.7%
Zhang C 2018 4 60 12 60 — 0.29 [0.09;0.94] 4.4% 4.0%
Kunze E 2018 9 54 23 53 — 0.26 [0.11;0.64] 7.6% 5.3%
Fixed effect model 602 567 {0 0.64 [0.50; 0.83] 56.0% —
Random effects model > 0.57 [0.39;0.83] —— 58.0%
Heterogeneity: I* = 40%, 7> = 0.1844, p = 0.06 :
Intervention = Mg vs Control :
Yu L 2007 4 28 13 26 —I—']'- 0.17 [0.05;0.62] 4.5% 3.6%
Wong GKC 2010 1 6 1 6 —:— 1.00 [0.05;20.83] 0.3% 1.0%
Westermaier T 2010 36 54 45 53 —— 0.36 [0.14;091] 5.9% 5.1%
Takeuchi S 2021 1 12 8 13 —=—— 0.06 [0.01;0.59] 2.7% 1.6%
Fixed effect model 100 98 - 0.25 [0.12;0.49] 13.5% -
Random effects model - 025 [0.12;0.54] —— 11.2%
Heterogeneity: I* = 8%, 7> = 0.0581, p = 0.35 A

i
Intervention = Mg vs Nimo i
Elsaesser RS 2006 20 53 17 51 I—I— 1.21 [0.54;2.71] 4.2% 5.8%
Fountas KN 2008 8 25 10 24 —;l-— 0.66 [0.20;2.12] 2.7% 4.1%
Xiaoyang X 2009 7 23 8 20 — - 0.66 [0.19;2.32] 2.3% 3.8%
Fixed effect model 101 95 . 0.91 [0.51;1.63] 9.2% -
Random effects model - 0.91 [0.51;1.64] —— 13.7%
Heterogeneity: I* = 0%, 72 = 0, p = 0.59 :

i
Intervention = MgH2 vs Control B
Takeuchi S 2021 3 12 8 13 — 021 [0.04;1.16] 2.2% 2.5%
Fixed effect model 12 13 - 0.21 [0.04; 1.16] 2.2% —
Random effects model ————— 0.21 [0.041.16] —— 2.5%
Heterogeneity: not applicable i

i
Intervention = MgFasu vs Fasu :
Yamamoto T 2016 32 35 33 35 — 0.65 [0.10;4.13] 1.1% 2.2%
Fixed effect model 35 35 0.65 [0.10;4.13] 1.1% —
Random effects model I 0.65 [0.10;4.13] —— 2.2%
Heterogeneity: not applicable 1

i
Intervention = MgFlun vs Control i
Zhitao W 2008 4 44 22 44 —— 0.10 [0.03;0.33] 7.8% 4.0%
Fixed effect model 44 44 —— : 0.10 [0.03;0.33] 7.8% -
Random effects model — 0.10 [0.03;0.33] —— 4.0%
Heterogeneity: not applicable :

i
Intervention = MgNimoSimva vs Nimo :
Fan'Y 2009 3 30 10 30 — | 0.22 [0.05;0.91] 3.5% 3.3%
Fixed effect model 30 30 | 0.22 [0.050.91] 3.5% ——
Random effects model —— 0.22 [0.050.91] —— 3.3%
Heterogeneity: not applicable i

Kl
Intervention = MgNimo vs MilrNimo :
Soliman R 2018 9 45 21 45 —.-:— 0.29 [0.11;0.73] 6.6% 5.1%
Fixed effect model 45 45 - 0.29 [0.11;0.73] 6.6% —
Random effects model ‘|> 0.29 [0.11;0.73] —— 5.1%
Heterogeneity: not applicable g

i
Fixed effect model 969 927 $ 0.52  [0.43; 0.64] 100.0% ——
Random effects model > 0.46 [0.33;0.63] —— 100.0%
Prediction interval : — [0.14; 1.46]

Heterogeneity: I* = 48%, 7° = 0.2891, p < 0.01 f T 1
Residual heterogeneity: I> = 31%, p = 0.10 0.01 0.1 1 10 100
Favor Magnesium Favor No-Mg

FIGURE 4: Forest plot of magnesium-related strategies on CVS results in the meta-analysis. Fasu: fasudil; Flun: flunarizine; Hy: hydrogen;
Mg: magnesium; Nimo: nimodipine.
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Weight  Weight
(fixed) (random)

Study Experimental - Control Odds Ratio OR  95%-CI
Events Total Events Total

Intervention = MgNimo vs Nimo

Veyna RS 2002 4 20 2 16 R — 1.75 [0.28; 11.05]

Boet R 2005 3 23 4 22 —r 0.68 [0.13;3.43]

Elsaesser RS 2006 4 12 5 8 —_—T 0.30  [0.05; 1.94]

Wong gkc 2006 5 30 6 30 — 0.80 [0.22;2.97]

Baiocchi M 2006 0 8 1 9 0.33  [0.01;9.40]

Yiming S 2006 3 26 2 13 —H— 0.72  [0.10; 4.93]

Muroi C 2007 4 31 6 27 — 0.52  [0.13;2.08]

Akdemir H 2009 9 40 7 43 - 1.49  [0.50; 4.48]

Wong gke 2010 37 169 37 158 — 0.92  [0.55; 1.54]

Hassan T 2011 4 15 6 15 —f— 0.55 [0.12;2.55]

Aidaros M 2011 4 12 5 8 — 0.30  [0.05; 1.94]

Mees SMD 2012 91 604 85 596 | 1.07 [0.77; 1.47]

Bradford CM 2013 9 81 8 79 T 1.11  [0.41; 3.04]

Zhang C 2018 5 60 8 60 —— 0.59 [0.18; 1.92]

Kunze E 2018 0 54 0 53

Fixed effect model 1185 1137 * 0.94 [0.751.17]

Random effects model * 0.94 [0.75; 1.18]

Heterogeneity: I = 0%, 72 = 0, p = 0.89

Intervention = Mg vs Control

Wong GKC 2010 0 6 0 6

Westermaier T 2010 8 54 11 53 —— 0.66 [0.24; 1.81]

Takeuchi S 2021 1 12 1 13 N 1.09 [0.06; 19.63]

Fixed effect model 72 72 I 0.70 [0.27; 1.80]

Random effects model 0.70 [0.27; 1.81]

Heterogeneity: I* = 0%, 7> = 0, p = 0.75

Intervention = Mg vs Nimo

Elsaesser RS 2006 13 51 12 51 e 1.11  [0.45;2.74]

Fixed effect model 51 51 1.11  [0.45; 2.74]

Random effects model 1.11  [0.45; 2.74]

Heterogeneity: not applicable

Intervention = MgH2 vs Control

Takeuchi S 2021 1 12 1 13 —_— 1.09 [0.06; 19.63]

Fixed effect model 12 13 z 1.09 [0.06; 19.63]

Random effects model 1.09 [0.06; 19.63]

Heterogeneity: not applicable

Intervention = MgNimo vs MilrNimo

Soliman R 2018 4 45 8 45 — 0.45 [0.13; 1.62]

Fixed effect model 45 45 ——— 0.45 [0.13; 1.62]

Random effects model ——— 0.45 [0.13; 1.62]

Heterogeneity: not applicable

Intervention = MgFasu vs Fasu

Yamamoto T 2016 2 35 1 35 B I — 2.06 [0.18;23.83]

Fixed effect model 35 35 I 2.06 [0.18;23.83]

Random effects model 2.06 [0.18; 23.83]

Heterogeneity: not applicable

Intervention = MgNimoSimva vs Nimo

Fan'Y 2009 2 30 8 30 — 0.20  [0.04; 1.02]

Fixed effect model 30 30 i 0.20 [0.04; 1.02]

Random effects model | 0.20 [0.04; 1.02]

Heterogeneity: not applicable

Fixed effect model 1430 1383 < 0.89 [0.72; 1.09]

Random effects model < 0.90 [0.73; 1.11]

Prediction interval = [0.72; 1.12]

T 1

Heterogeneity: I = 0%, 72 = 0, p = 0.89
Residual heterogeneity: I> = 0%, p = 0.92 01 0512 10
Favor Magnesium Favor No-Mg

0.9% 1.3%
1.9% 1.7%
2.1% 1.3%
2.6% 2.6%
0.7% 0.4%
1.2% 1.2%
2.9% 2.3%
2.7% 3.6%
15.7%  16.4%
2.3% 1.8%
2.1% 1.3%
382%  42.9%
3.8% 4.3%
3.9% 3.2%
0.0% 0.0%
81.1% -

— 84.1%

0.0% 0.0%
5.0% 4.4%
0.5% 0.5%
5.4% -

- 4.9%

4.7% 5.4%
4.7% -
- 5.4%

0.5% 0.5%
0.5% -
- 0.5%

3.8% 2.7%
3.8% —=
- 2.7%

0.5% 0.7%
0.5% -
—-— 0.7%

3.9% 1.6%
3.9% —=
- 1.6%

100.0% —=
— 100.0%

FiGUuRe 5: Forest plot of magnesium-related strategies on death/PVS results in the meta-analysis. Fasu
milrinone; Mg: magnesium; Nimo: nimodipine; Simva: simvastatin.

: fasudil; H,: hydrogen; Milr:

negative results in the phase 3 study may be because of the =~ administration of magnesium and the differences in the
long time it takes to increase magnesium levels in the ce-  concomitant drugs with magnesium. In this study, the in-
rebrospinal fluid after the initiation of the intravenous  tracranial application of magnesium combined with the
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Experimental Control : o Weight ~ Weight

Study for mRS Events Total Events Total ©Odds Ratio OR 95%-=Cl (fixed) (random)
Intervention = MgNimo vs Nimo i
van den Bergh WM 2005 101 139 93 144 :-'-— 146 [0.88;2.42] 10.8% 18.8%
Yiming S 2006 17 23 7 11 — 1.62  [0.35;7.56] 1.1% 4.2%
Wong gkc 2010 97 169 91 158 —- 0.99 [0.64;1.54] 17.2% 20.9%
Mees SMD 2012 392 604 398 596 = 0.92 [0.72;1.17]  60.5% 27.8%
Bradford CM 2013 53 81 46 79 - 136 [0.72;2.58]  6.9% 15.0%
Fixed effect model 1016 988 + 1.03  [0.86; 1.24]  96.5% —
Random effects model * 1.03  [0.86; 1.24] — 86.7%
Heterogeneity: I> = 0%, 7> = 0, p = 0.44 #

I
Intervention = Mg vs Control #
Takeuchi S 2021 8 12 3 13 ————  6.67 [1.14;38.83] 0.4% 3.3%
Fixed effect model 12 13 | 6.67 [1.14;38.83] 0.4% -—
Random effects model | 6.67 [1.14; 38.83] - 3.3%
Heterogeneity: not applicable i

i
Intervention = MgFasu vs Fasu :
Yamamoto T 2016 27 35 28 35 — 0.84 [0.27;2.65] 2.8% 6.9%
Fixed effect model 35 35 - 0.84 [0.27;2.65]  2.8% —
Random effects model I 0.84 [0.27; 2.65] — 6.9%
Heterogeneity: not applicable :
Intervention = MgH, vs Control :
Takeuchi S 2021 9 12 3 13 : ————— 10.00 [1.59;62.73] 0.3% 3.1%
Fixed effect model 12 13 |} —— 10.00 [1.59;62.73]  0.3% —
Random effects model | e 10.00 [1.59; 62.73] — 3.1%
Heterogeneity: not applicable |

i:
Fixed effect model 1075 1049 4 1.08 [0.90; 1.29]  100.0% ——
Random effects model > 1.26  [0.90; 1.77] — 100.0%
Prediction interval —— [0.54; 2.98]
Heterogeneity: I? = 50%, 7> = 0.0929, p = 0.05
Residual heterogeneity: I> = 0%, p = 0.44 0.1 0512 10

Favor No—Mg Favor Magnesium
(@
Experimental Control : o Weight ~ Weight
Study for GOS/GOSE Events Total Events Total Odds Ratio OR 95%=Cl (fixed)  (random)
Intervention = MgNimo vs Nimo
Veyna RS 2002 13 20 10 20 1.86  [0.52;6.61] 3.2% 4.1%
Boet R 2005 15 23 10 22 225 [0.68;7.47] 3.2% 4.6%
Wong gkc 2006 20 30 16 30 1.75  [0.62;4.97] 4.9% 6.1%
Yiming S 2006 17 26 7 13 1.62  [0.42;6.29] 2.9% 3.6%
Muroi C 2007 20 31 13 27 1.96 [0.68;5.62] 4.5% 6.0%
Muroi C 2007 22 31 17 27 1.44 [0.48;4.32] 4.8% 5.5%
Akdemir H 2009 28 40 34 43 0.62  [0.23;1.68] 9.0% 6.7%
Wong gkc 2010 88 169 80 158 —— 1.06 [0.69;1.63] 36.1% 35.5%
Bradford CM 2013 56 81 56 79 —— 0.92 [0.47;1.81] 15.9% 14.6%
Fixed effect model 451 419 g 1.19  [0.90; 1.57]  84.5% —_—
Random effects model 1.19  [0.90; 1.57] — 86.9%
Heterogeneity: I* = 0%, 72 = 0, p = 0.68
Intervention = Mg vs Nimo
Elsaesser RS 2006 34 53 34 51 — 0.89 [0.40;2.01] 11.3% 10.2%
Fixed effect model 53 51 0.89 [0.40;2.01] 11.3% —
Random effects model 0.89 [0.40; 2.01] — 10.2%
Heterogeneity: not applicable
Intervention = MgFasu vs Fasu
Yamamoto T 2016 30 35 32 35 0.56  [0.12;2.56] 4.2% 2.9%
Fixed effect model 35 35 0.56 [0.12;2.56]  4.2% —
Random effects model 0.56 [0.12; 2.56] - 2.9%
Heterogeneity: not applicable
Fixed effect model 539 505 . 1.13  [0.87; 1.46] 100.0% —
Random effects model 1.13  [0.87; 1.47] — 100.0%
Prediction interval [0.84; 1.52]
Heterogeneity: I* = 0%, 7> =0, p = 0.73 f oo !
Residual heterogeneity: I* = 0%, p = 0.68 02 05 1 2 5
Favor No-Mg Favor Magnesium
(®)

FIGURE 6: Forest plot of magnesium-related strategies on GR results in the meta-analysis. Fasu: fasudil; H,: hydrogen; Mg: magnesium;
Nimo: nimodipine.
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FIGURE 7: Network comparisons for the strategies included in the analyses. Cine: cinepazide; Flun: flunarizine; H,: hydrogen; Milr:
milrinone; Mg: magnesium; Nimo: nimodipine; Simva: simvastatin.

MgFlun
MgNimoSimva
MgCine
MgNimo

0.27 0.16 NA MilrNimo

0.58 0.35 0.36 Nimo

0.37 0.46 0.45 Mg

0.35 0.40 0.49 MgH,

Death/PVS CVS DCI

F1Gure 8: Cluster analysis of outcomes and interventions based on network meta-analysis ranking results. Cine: cinepazide; Flun: flu-
narizine; Hy: hydrogen; Milr: milrinone; Mg: magnesium; Nimo: nimodipine; Simva: simvastatin.
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hydrogen antioxidant significantly promoted the GR rate of
SAH patients immediately after surgery. The strategy of the
simultaneous application of nimodipine and simvastatin
with magnesium showed a trend of reducing the risk of
mortality and PVS. These two points may provide new
information to modify the existing clinical application
strategy of magnesium.

Based on the included clinical studies, magnesium
supplementation has been shown to be beneficial in reducing
the DCI risk. Modifying the magnesium clinical application
strategy may further improve the effect on improving the GR
rate and survival prognosis. These studies indicated that
immediate intracranial magnesium therapy combined with
hydrogen is beneficial to improve the GR rate for SAH
patients, and the combination of magnesium plus nimo-
dipine and simvastatin may have a tendency to improve
survival outcome. Therefore, two implications may impact
future research. Firstly, the immediate intracranial appli-
cation of magnesium after SAH. On the other hand, it is used
in combination with other drugs, such as antioxidants,
nimodipine, and simvastatin, to improve the effectiveness of
interventions. These directions deserve to be validated by
turther well-designed studies.

In conclusion, this study supports the beneficial effect of
magnesium in reducing the risk of DCI. Based on a single
RCT, immediate intracranial magnesium therapy with in-
travenous hydrogen after SAH can increase the GR rate.
Therefore, more high-quality RCTs are needed to confirm
this finding.

4.1. Limitations. There were still several limitations in this
analysis. First, this analysis is based on the study level but not
on the individual level. Second, although this study analyzed
the effect of magnesium dose on each outcome by meta-
regression, the dependent variable used was the total dose of
magnesium application, and it is still not possible to analyze
whether differences in magnesium levels in peripheral blood
and in the cerebrospinal fluid have an effect on SAH
treatment outcome. Third, in pooling results, publication
bias was detected. It indicates that there are still some po-
tential negative results that have not been published. It will
cause the results of this study to tend to be positive. Fourth,
the definition of CVS is inconsistent in the included studies,
and if assessor blinding is not performed at the same time, it
may also make the result more positive.

4.2. Future Directions. Hypomagnesemia occurs in more
than 50% of patients with SAH and is independently as-
sociated with DCI, poor neurological prognosis, and hem-
orrhage severity. Therefore, it is still necessary to maintain
magnesium at a reasonable level. However, the results of
phase 2 and phase 3 studies on magnesium in the treatment
of SAH are incongruent, which may be because of the use of
intravenous infusion and the difference in the combination
of drugs.

The results of this study support the view that magne-
sium can reduce the risk of DCI. Based on a single study, the
intracisternal infusion of magnesium immediately after SAH

13

with intravenous hydrogen can increase the rate of GR, and
the combination of nimodipine and simvastatin with
magnesium has a tendency to improve survival/PVS
prognosis. Future research can focus on the intracisternal
infusion of magnesium immediately after SAH and the
combination of magnesium and other drugs, such as anti-
oxidants, nimodipine, and simvastatin, to further explore
the application value of magnesium on SAH.
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Supplementary Materials

Supplementary 1. Supplementary Figure 1. Funnel plots of
the meta-analysis on DCI (A), CVS (B), and death/PVS (C)
outcomes showed potential publication bias. Supplementary
2. Supplementary Table 1. The league table for DCI result
estimates magnesium treatment strategies according to their
relative effects (odds ratio with 95% confidence intervals).
Supplementary 3. Supplementary Table 2. The league table
for CVS result estimates magnesium treatment strategies
according to their relative effects (odds ratio with 95%
confidence intervals). Supplementary 4. Supplementary
Table 3. The league table for death or PVS result estimates
magnesium treatment strategies according to their relative
effects (odds ratio with 95% confidence intervals). Supple-
mentary 5. Supplementary Table 4. Meta-regression analysis
of the correlation between magnesium intervention-related
factors and estimated effects. (Supplementary Materials)
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