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Subarachnoid hemorrhage
Subarachnoid hemorrhage from a ruptured aneurysm is a subset of stroke.

The young age (median 55 years) and poor outcome (50% of patients die; 30%
of survivors remain dependent) explain why in the population the loss of pro-
ductive life years from aneurysmal subarachnoid hemorrhage (SAH) is as large as
that from brain infarcts, the most common type of stroke.1

Ischemia plays an important role in the pathophyiological process after SAH.
Firstly a period of global cerebral ischemia can occur in the acute phase, imme-
diately after rupture of the aneurysm. This initial ischemia results from acute
vasoconstriction and elevated intracranial pressure, which leads to a drop in per-
fusion pressure. Secondly, delayed cerebral ischemia (DCI) can occur. This type
of ischemia is focal or multi-focal and quite distinct from the initial ischemia. 
DCI usually occurs between 4 and 10 days after the initial bleeding, has a gradual
onset and focal deficits are often accompanied by a decrease in consciousness. It
is an important cause of death and dependency after SAH.2,3 The interval
between the bleeding and the onset of ischemia provides an opportunity for pre-
ventive treatment. Despite many years of research, the pathogenesis of DCI is not
completely understood. Vasospasm plays an important role, because many
patients have constricted arteries during the period of DCI, but vasospasm is not
a sufficient factor to explain the occurrence because many patients with
vasospasm never develop DCI. Moreover, treatments aiming to reduce vasospasm
have hardly been successful in improving outcome after SAH. The only drug that
was developed to reduce vasospasm and proved to be effective, nimodipine, acts
mainly through neuroprotection and not through reducing vasospasm. Even with
nimodipine and a fluid management aiming for normovolemia DCI occurs in at
least 25% of patients.4

Magnesium
Magnesium is readily available, inexpensive and has a well-established clinical

profile in obstetrical and cardiovascular practice.5,6 It is beneficial in the treat-
ment of eclampsia, a disease with a pathophysiology comparable to DCI after
subarachnoid hemorrhage.5,7-10 Neuroprotective mechanisms of magnesium
include inhibition of the release of excitatory amino acids and blockade of the
NMDA-glutamate receptor.11,12 Magnesium is also a non-competitive antagonist
of voltage dependent calcium channels, has cerebrovascular dilatory activity, can
reverse delayed cerebral vasospasm after experimental subarachnoid hemorrhage
in rats13 and is an important co-factor of cellular ATPases, including the Na/K-
ATPase. 

Objective of this thesis
The aim of this thesis was to determine the role of magnesium in subarach-

noid hemorrhage. The performed studies aimed to assess the relation between
serum magnesium levels and the occurrence of DCI, poor outcome and ECG 3



abnormalities after SAH, to assess the effect of magnesium treatment in experi-
mental SAH in the rat, and to assess the effect of magnesium treatment in clini-
cal practice.
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Introduction

The school of Hippocrates already described the clinical picture of a sub-
arachnoid haemorrhage; " When persons in good health are suddenly seized
with pains in the head, and straightway are laid down speechless, and breathe
with stertor, they die in seven days, unless fever comes on".1,2

The clinical hallmark of subarachnoid haemorrhage (SAH), mostly caused by a
rupture of an intracranial aneurysm, is a history of unusually severe headache
that started suddenly. The incidence of SAH is around 6 per 100.00 patient
years.3 Subarachnoid haemorrhage accounts for only 3% of all strokes. It occurs
at younger age and carries a worse prognosis than other types of stroke. About
10% of patients die before reaching the hospital. The in-hospital case fatality is
about one-third. Of patients who survive the SAH approximately one-third
remain dependent. Because of the young age SAH occurs and its poor prognosis,
the loss of productive life years from SAH is as large as that from ischaemic
stroke, the most frequent subtype of stroke.
After rupture of an intracranial aneurysm, blood is spouting under arterial pres-
sure into the subarachnoid space. If bleeding continuous, the intracranial pres-
sure rises until the level of the arterial pressure. Despite a reactive increase of the
arterial pressure, cerebral perfusion pressure (CPP) decreases. This decrease in
CPP is accompanied by acute vasoconstriction and the result is a decrease in
cerebral blood flow. This can ultimately result in an intracranial circulatory
arrest, which promotes haemostasis, but if enduring leads to unconsciousness or
even death.4-9

The ischaemia in SAH is biphasic. In the early phase acute cerebral ischaemia
occurs, while 4 to 12 days later delayed cerebral ischaemia (DCI) can develop.7,8

The actual cause of DCI is unknown, but probably vasospasm play an important
role, because many patients have spastic and constricted arteries during the peri-
od of DCI. However, vasospasm is not a critical factor for the development of
DCI, because many patients with vasospasm do not develop DCI. Also, not all
patients with DCI have vasospasm. DCI is an important cause of death and
dependency after SAH. Reducing the frequency and consequences of DCI will
improve the outcome after SAH. 
Current strategies to prevent and treat DCI include neuroprotective drugs
(nimodipine) and normovolemia, because fluid restriction has been shown to
increase the risk of DCI. However, improvement in clinical outcome has been
modest.10 In several experimental models of cerebral ischaemia a significant neu-
roprotective effect of magnesium is demonstrated, with reported infarct reduc-
tion of 25 to 61%.11-13 Nevertheless, these results were not confirmed by a large
clinical trial.14

Magnesium sulphate treatment is an established therapy against (pre)eclampsia, a
disease sharing much similarities with the development of DCI after SAH.15-19

7



Figure 1. The neuronal ischemic cascade and its influence on the cerebral 
blood vessels in de acute and chronic phase after subarachnoid
haemorrhage and the role of magnesium 
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This brought us to the idea of studying the effect of magnesium treatment in
SAH. We have shown in a rat model of SAH that pre-treatment with magnesium
sulphate reduces acute cerebral lesion volume with more than 60%.20 

In this article we discuss the neuroprotective potency of magnesium in SAH by
describing the pathophysiology of ischaemia after SAH and the many ways mag-
nesium may interfere with this.

The ischaemic cascade in SAH – pathophysiology

and intervention with magnesium

Introduction  
Brain tissue, especially neurones, is extremely vulnerable to inadequate blood

supply. Neurones are metabolically very active and for their functioning and sur-
vival almost completely dependent on the oxidation of glucose and the adjacent
mitochondrial ATP production. Because cerebral oxygen storage is limited,
anaerobic reduction of mitochondrial oxidative phosphorylation in neurones will
soon lead to energy depletion, anoxic membrane depolarisation and cell death. 

Excitotoxicity and calcium influx
Excitotoxicity is a phenomenon of biochemical events, triggered by the inter-

action of excitatory amino acids with ion channel-bound receptor complexes,
that can lead to cell death in several neurodegenerative processes. Cerebral
ischemia leads to massive release of neurotransmitters (e.g., glutamate) that can
result in severe ion homeostasis disruption. There is convincing evidence for the
implicit role of excitotoxicity in the pathogenesis of ischaemic cerebral dam-
age.21

Immediately after SAH there is a release of glutamate, which results in an
increase of the extracellular glutamate concentration of 600% within 40
minutes.9 This elevation remains present until 60 minutes after the haemorrhage.
Glutamate interacts with the N-methyl-D-aspartate (NMDA) receptor complex, a
ligand-gated ion channel for Na+, K+ and Ca2+ with receptorsites for glutamate
and specific NMDA-agonists such as glycine. For activation of the NMDA recep-
tor complex the simultaneous stimulation by glutamate and the co-agonist
glycine is needed after the voltage-dependent blockade of the ion channel by
Mg2+ is conquered. Importantly, overactivation of the NMDA receptor, e.g. as a
result of excessive glutamate release, results in pathologically high intracellular
Ca2+ levels, which eventually can lead to neuronal death.21 The increase in
cytosolic Ca2+ concentration is not only caused by in influx of extracellular Ca2+,
but also by the release of calcium ions from intracellular stores such as the endo-
plasmic reticulum (ER), mitochondria and calciosomes.22,23 
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In addition, a raised intracellular Ca2+ and Na+ concentration activates the ATP-
ases, which results in expenditure of energy. There is further wasting of ATP by
useless pendulating of ions.

There are several treatment opportunities to intervene in the excitotoxic cascade.
These include administration of Na+ channel blockers, and NMDA and Ca2+

antagonists. Nimodipine, the only drug that has proved to be clinically effective
in SAH, blocks the extracellular N-type calcium channels.
Alternatively, excitotoxicity may be reduced by treatment with magnesium ions.
Mg2+ is crucial for maintenance of the normal intra- and extracellular Na+ and
K+ gradient through the NMDA receptor complex (see above). Administration of
magnesium causes a concentration-dependent and voltage-dependent reversible
decrease of Na+ currents and in that manner inhibits the Na+ influx, subsequent
membrane depolarisation and consequent cellular swelling.24

We have demonstrated in an experimental model that the duration of ischaemic
depolarisations after SAH is substantially reduced after pre-treatment with mag-
nesium sulphate.20 Magnesium also postpones anoxic depolarisation.25 This
maintenance of the membrane potential may at least partly explain the neuro-
protective properties of magnesium in SAH. 
Magnesium has also been shown to inhibit the ischaemia-induced raise of gluta-
mate.26,27 In addition, magnesium improves the recuperation of ATP deficiency
during depolarisation; thereby maintaining the function of the Na+-dependent
glutamate re-uptake so that magnesium can contribute to the decrease in extra-
cellular glutamate levels.28 

Within the extracellular space magnesium is competitive with calcium and
reduces the Ca2+ influx,29 by blocking both voltage-sensitive and NMDA-activat-
ed calcium channels.30,31 The blockage of the NMDA receptor by Mg2+ is volt-
age-dependent, but electrophysiological extracellular Mg2+ behaves as a
non-competitive NMDA antagonist, without the side effects reported from other
non-competitive NMDA antagonist.32 The activated NMDA receptor is not only
blocked by extracellular Mg2+, but also by intracellular Mg2+.33

Magnesium is not only active in the extracellular space by blocking NMDA and
voltage-sensitive calcium channels, but also regulate cytosolic Ca2+ homeostasis.

Nitric oxide (NO)
Elevated intracellular Ca2+ levels activate calmoduline, which in turn stimu-

late the formation of nitric oxide (NO) produced from L-arginine by the enzyme
nitric oxide synthase (NOS). NO is a pleiotropic regulator, critical to numerous
biological processes, including vasodilatation, neurotransmission and
macrophage-mediated immunity. Because NO is a soluble, easily diffusible gas,
NO produced at one site can have an effect on tissues at a distance.
The family of nitric oxide synthases comprises neuronal NOS (nNOS), endothe-
lial (eNOS), and inducible NOS (iNOS). The nNOS and eNOS isoforms are con- 11



stitutive, Ca2+-dependent enzymes that modulate many physiological functions,
including the regulation of smooth muscle contraction and blood flow. The
iNOS isoform is Ca2+-independent, and can be stimulated by stress, inflamma-
tion, and infection. In general, nNOS and eNOS release NO in the nM range
whereas iNOS, following an induction/latency period, can release NO in the µM
range for extended periods of time.34

The presence of constitutive and inducible forms of NOS suggests that they may
have distinct functions, hence, constitutive NOS is responsible for a basal or
‘tonal’ level of NO and this keeps particular types of cells in a state of inhibition
– and activation of these cells occurs through disinhibition. It thus seems that a
modest amount of NO, produced by the endothelium, works neuroprotective,
while increased concentrations, formed by nNOS and iNOS, are neurotoxic.35-37

In contrary to focal cerebral ischaemia in which there is an increase in NO,38 10
minutes after experimental SAH there is a significant decrease of nitric oxide
metabolites in the brain with a recuperation in 60-180 minutes. This is not
caused by NOS inhibition, but by scavenging of NO, because NO reacts with
oxyhaemoglobin in the extravasated blood to generate nitrate and ferric
heme.39,40 Human studies also shows a continuous decline in extracellular NO
concentrations after SAH.41 This initial decline of NO can contribute to cerebral
damage in SAH, as there is a tendency for lower NO concentration in patients
developing DCI.
A shortage of NO leads, via a reduced cGMP production and consequent reduced
endothelial-mediated vasodilatation, to vasoconstriction.5,9,42,43 Treatment with
NO has been shown to attenuate acute vasospasm and improve CBF in experi-
mental SAH.43 

Hypomagnesemia, which frequently occur after SAH, results in a reduced
endothelial NO release. In this way hypomagnesemia can induce vasoconstric-
tion.44,45 Magnesium inhibits the elevated nNOS activity of cortical neurones in
several experimental ischaemia models,46-48 probably by blocking the NMDA-
receptor induced Ca2+ influx.

Phospholipids en free radicals
Ischemia and subsequent reperfusion trigger various reactions that result in

production of free radicals or reactive oxygen species (ROS). In SAH, the uncou-
pling of oxidative phosphorylation and ATP synthesis and the availability of free
iron (subarachnoid blood) leads to a massive increase in free radicals.
ROS play a detrimental role in the pathophysiological development of brain
injuries. In SAH, they cause endothelial damage and intima proliferation, which
amplifies vasospasm.7

ROS cause lipid peroxidation of cell membranes resulting in a loss of membrane
integrity and a disturbance of ion gradients and increased microvascular perme-
ability. The CNS is particularly susceptible to lipid peroxidation because its
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membrane lipids are rich in polyunsaturated fatty acids that possess reactive
hydrogen. In SAH, lipid peroxidation is catalysed by free iron derived from
haemoglobin released from extravasated red blood cells. Disruption of neuronal,
glial and vascular membranes inhibits Na+/K+ ATPase and Ca2+ATPase. This
increases cellular influx of Ca2+, which activate phospholipase A2 resulting in a
release of arachidonic acid. The production of metabolites such as platelet-acti-
vating factor, prostaglandin E2 and leukotriene B4 enhances inflammation. 
Lipid peroxidation of vascular endothelium also causes the increased permeabili-
ty of the blood–brain barrier associated with ischaemic injury, and may produce
prolonged cerebral vasospasm after SAH.

Magnesium reduces free radical production in the mitochondria, probably more
by inhibition of NADP oxidation than by improving the mitochondrial capacity
of scavenging free radicals.49 In addition, magnesium protects endothelial cells
against cytotoxicity of radicals.50

Magnesium ions can bind to phospholipids in the cell membrane and decrease
the mobility of the phospholipids.51 It has been suggested that magnesium can
alter membrane permeability and receptor function in this way.52

Mitochondria 
The most important function of the mitochondrion is the coupling of oxida-

tion (of NADH) to phosphorylation (of ATP). The oxidative phosphorylation is
the process in which ATP is formed as two electrons are transferred from NADH
and FADH2 to O2. NADH and FADH2 are produced in the Krebs-cyclus, as
pyruvate is oxidised to CO2 and H2O.
Magnesium is necessary in several enzyme reactions of the glycolysis and Krebs-
cyclus. Reception and release of Mg2+ in the mitochondrion is a respiratory-
dependent and uncoupling-sensitive process. Potassium, ATP, ADP and
respiration inhibit the admission of Mg2+. The mitochondrial Mg2+ concentra-
tion seems to be equal to the cytosolic concentration. The transfer of a phospho-
ryl group to an acceptor, by which a kinase is needed, releases the energy
delivered by ATP. Almost all kinases need Mg2+ for their activity. ATP is only
functional when it is complexed with Mg2+. 
Magnesium plays an important role in the intra- and extramitochondrial ion
homeostasis and due to its calcium-antagonistic effect protects the mitochondri-
on to calcium overload. Magnesium inhibits swelling and uncoupling of mito-
chondria that admitted too much Ca2+.53

Calcium has the potential to overactivate destructive enzymes. Reperfusion can
result in restoration of Ca2+ homeostasis and complete recovery. However,
ischaemic changes of mitochondrial oxidative phosphorylation and production of
free radicals could lead to chronic or secondary metabolic failure, oxidative stress

13



and changed cellular Ca2+ concentrations so that vulnerable cells are determined
to apoptosis. Apoptosis does occur in SAH and might play an important role in
the pathogenesis of vasospasm.54-56

Under certain circumstances, a mitochondrial permeability transition (MPT) pore
in the inner membrane is opened (“assembled”). The extent of opening of the
pore is increased by Ca2+ and diminished by Mg2+. One result of the MPT pore
opening is that any mitochondrial calcium load will be rapidly discharged. An
MPT pore assembly can lead to mitochondrial dysfunction and cell death.57-63

Blocking of an MPT has neuroprotective effects. In ischaemic conditions this
pore is opened and diminishing of this pore by Mg2+ protects mitochondria dur-
ing ischaemia.64

Mitochondria malfunction after SAH,65-68 probably due to ischaemia or reperfu-
sion induces low intracellular pH, high intracellular Ca2+ and oxidative stress. 

Magnesium has been shown to preserve mitochondrial function under several
experimental conditions.26,64,69 Magnesium reduces calcium storage by inhibiting
the Ca2+ influx and as such preserves the mitochondrial membrane potential
without influencing the cytosolic Ca2++ and Mg2+ concentration during reoxy-
genation. Magnesium is also capable of preserving the oxidative phosphorylation
and in that manner provides enough ATP to maintain the intra- and extramito-
chondrial balance by calcium pumps. This preservation of mitochondria could be
an important reason why magnesium protects postischaemic tissue.70

Magnesium could also have an important effect on repair and regeneration of
neurones and maintenance of membrane structures because Mg2+ is an essential
ion for synthesis of DNA, protein and energy rich material. Magnesium deficit
amplifies apoptosis,71 while magnesium therapy most probably has an preventive
role in neuronal apoptosis in neonatal asphyxia.72

Delayed cerebral ischaemia

Vasospasm 
The exact cause of delayed cerebral ischaemia after SAH is not yet clear, but

is probably related to vasospasm in combination with intima proliferation. The
clinically deleterious angiographical spasm following SAH is delayed and pro-
gressive, reaching a maximum about seven days after the haemorrhage.73-76

The precise mechanism of vasospasm remains unclarified, but it seems that
endothelial mechanisms provide the most prominent contribution to this process
and there is growing evidence that the constituents of a subarachnoid blood clot,
especially oxyhaemoglobin, seem to be the principle initiating factor. After SAH,
large numbers of haemoglobin-containing red blood cells are released into the
brain's parenchyma and subarachnoid space. In the sub-acute phase following
SAH, a carefully controlled process without rapid haemolysis removes red blood
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cells and their contents. Red cell lysis occurs slowly with the release of oxy-
haemoglobin.77 Oxyhaemoglobin produces contraction of cerebral arteries either
by direct contractile effect on smooth muscle cells or by scavenging endothelial
nitric oxide.78 Furthermore, auto-oxidation of oxyhaemoglobin releases free
radicals (superoxide, hydrogen peroxide and finally hydroxyl), and degradation
of oxyhaemoglobin increases free iron and haeme that, in turn, may cause oxida-
tive injury.
Haemoglobin, oxyhaemoglobin and deoxyhaemoglobin induce severe vasospasm
in in-vivo animal models and the increase in their concentrations in the human
perivascular space and CSF is parallel to the occurrence of DCI.79,80

Vasodilatation by magnesium
Vasomotor regulations can de controlled by the smooth muscle cell or by the

endothelial cell.81 In both pathways cytosolic Ca2+ activity is crucial in the acti-
vation of key enzymes. Subarachnoid haemorrhage leads to cell depolarisation
and an increase in cytosolic Ca2+.
Vasodilatation by magnesium is probably caused by reducing Ca2+ influx and the
competitive inhibition of Mg2+ to Ca2+ at binding sites of the myosin light chain
kinase (MLCK) regulated protein calmodulin. When Mg2+ is bound to calmod-
ulin it is unable to stimulate MLCK. This results in lower MLCK activity.
Magnesium also regulates nuclear and perinuclear Ca2+ in cerebrovascular
smooth muscle cells, probably by means of nuclear, ER-Golgi and cytoplasmic 
L-type voltage membrane regulated calcium channels.82

Magnesium has a vasorelaxing effect in oxyhaemoglobin-induced vasospasm and
it ameliorates vasospasm in experimental SAH.83-85 Magnesium induces a dose-
dependent vasodilatation, reduces cerebrovascular tone, increases CBF and pro-
tects the metabolism.86-89 

Inflammation
An inflammatory response may be involved in the development of vasospasm,

predominantly the consequent endothelial activation and damage are considered
to be crucial.7,90-97 

Within 36 hours after SAH there is an increase in the permeability of the blood-
brain barrier (BBB), with a peak after 48 hours and normalisation at day 3.98
This may eventually lead to vasogenic oedema and secondary brain damage.
From day two on there is cell migration from the pia mater to the blood clot by
subarachnoid macrophages. Macrophage activity is related to free radical produc-
tion, which causes endothelial damage en stenosis (intima proliferation).7 On
day 3 blood cells and fibrin are largely cleared and after 5 days the macrophages
disappear; they are re-transformed to pia-arachnoid cells.
An important consequence of the inflammatory response and endothelial activa-
tion is the production of endothelin by mononuclear leukocytes within 5 days
after the haemorrhage.99-101 In vitro studies show that this can be induced by 15



haemolysis. Endothelin is the most prominent endothelium-derived constricting
factor and a very potent vasoconstrictive agent, mediated by endothelial mecha-
nisms. Increased endothelin concentrations after SAH have been associated with
endothelial damage, DCI and poor outcome.102

Magnesium reduces leukocyte activity in vitro and might thus have an inhibiting
effect on the immune response, whereas hypomagnesemia stimulates the
immune response by increasing macrophage synthesis of the cytokines IL-1β and
TNFα, probably through a calcium-mediated mechanism.103 Probably of great
importance in the attenuation of the inflammatory response is the suggestion
that magnesium reduces BBB permeability.104

Magnesium reduces the production of endothelin and completely attenuates the
vasoconstrictive effect of endothelin, possibly by voltage-dependent blocking of
calcium channels.105,106

Platelet aggregation en eicosanoids
An increasing number of studies indicate the possible role of increased

eicosanoid production and platelet activity in the development of SAH-induced
vasospasm and DCI. 
During ischaemia, NMDA-receptor stimulation leads to Ca2+-dependent phos-
pholipase A2 activation.107,108 Activation of phospholipase A2 causes the release
of arachidonic acid from phospholipids in the cell membrane. Arachidonic acid
is rapidly converted to a family of active eicosanoids among which
prostaglandins and thromboxanes. Both prostaglandins and thromboxanes have a
complex impact on vascular reactivity, stimulation of the inflammatory response,
BBB permeability, and platelet aggregation. 
Thromboxane A2 synthesised from platelets is a potent vasoconstrictor and stim-
ulates platelet aggregation. Both platelet aggregation and the associated release of
thromboxane B2, the stabile metabolite of activated platelets produced TXA2, are
increased from day 3 after SAH, especially in those patients with symptoms of
DCI.109-111 

Magnesium has membrane stabilising and protecting properties due to its electri-
cal effect and inhibition of phospholipase A2.

112 Magnesium ions can bind to
phospholipids in the cell membrane and decrease their mobility. It has been 
suggested that magnesium can alter membrane permeability and receptor 
function in this way.113

Magnesium inhibits many agonists of platelet aggregation and adhesion, like
thromboxane A2 and beta-thromboglobin, most probably due to inhibition of
intracellular Ca2+ mobilisation.45,114-117 As a consequence, magnesium inhibits
platelet aggregation and the platelet-dependent thrombus formation, and this
effect is independent and additive to Aspirin.118-121
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Magnesium stimulates synthesis and release of the potent vasodilator prostacyclin
and has a vasorelaxing effect in prostaglandin-induced vasospasm.85,122-125 

Hypomagnesemia in subarachnoid haemorrhage

Low magnesium serum levels occur frequently after subarachnoid haemor-
rhage.89,126 In our study in 107 consecutive patients with SAH, 38% had hypo-
magnesemia when admitted within 48 hours to the hospital.89 Fifty-five percent
of patients had hypomagnesemia at some time within 3 weeks after SAH. The
Hazard Ratio for the occurrence of DCI associated with hypomagnesium between
days 2 and 12 was 3.2 (95% CI, 1.1-8.9) after multivariate adjustment with
baseline characteristics. 
The cause of hypomagnesemia after SAH is still unclear, but it is most likely
caused by intracellular shift of magnesium ions.
In normal conditions the membrane gradient of Mg2+ is modest, but this can
change as a result of cellular activities. The most important factors are the con-
centration of nucleotides and the activity of transport systems in cell and mito-
chondrial membranes. The slightly higher extracellular Mg2+ concentration
directs magnesium into cells. Efflux of Mg2+, which is against the electrochemical
gradient and energy dependent, is accomplished by means of the 2Na+/Mg2+

pump. An increase of the Mg2+ influx and/or a decrease in energy consuming
efflux is responsible for 40% of the decrease in extracellular Mg2+ concentration
during experimental ischaemia.127 

The elevated levels of catecholamines after SAH may play a mediating role in the
increased intracellular shift of Mg2+.128,129 Catecholamines stimulate lipolysis
through the β2-receptor with liberation of free fatty acids. This leads to an
intracellular deposit of Mg2+ as an insoluble soap.130 The consequent decrease of
intracellular Mg2+ may lead to Mg2+ influx. It has been demonstrated that
adrenaline causes a rapid fall in the plasma magnesium concentrations.131 

Another possible cause for the increased intracellular shift is the glutamate-stim-
ulated Mg2+ influx by NMDA activated ion channels, which takes place in
absence of extracellular Na+ and Ca2+.132

Intracellular Mg2+ levels are indeed increased in SAH. However, 90% of the
intracellular Mg2+ is complexed with ATP, and the increase of intracellular Mg2+

during ischaemia may also be the result of the release of Mg2+ from this com-
plex. ATP binds with Mg2+ with an associate constant of 4, while binding affinity
with ADP is about 2 times smaller. The cytosolic and mitochondrial Mg2+ con-
centration will increase in cells with a poor energy state and less ATP.53,133 The
increase of intracellular Mg2+ is even less than might be expected from ATP util-
isation. Probably because of a disappearance of Mg2+ by binding to other cell
components.
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Within red cells there is an increase in Mg2+ concentration after deoxygenation
on the basis of the greater affinity of deoxy-Hb than oxy-Hb for the cell Mg2+

buffers ATP, ADP and BPG.134 There is, however, also a direct binding of Mg2+

to Hb. Although the interaction is of low affinity, it becomes prominent at high
concentrations of Mg2+ and Hb. This Mg2+ buffer capacity of haemoglobin might
be an additional reason why serum magnesium is decreased in SAH.133 It may be
an additional reason for the vasoconstrictive potency of  oxyhaemoglobin as
hypomagnesemia causes vasoconstriction.
The diminished availability and subsequent decreased extracellular Mg2+ after
SAH results in significantly increased intracellular free Ca2+ in cerebral vascular
muscle cells, and type-2 astrocytes. This may cause cerebral microvascular con-
striction, followed by a proinflammatory response, inducing vascular smooth
muscle, endothelial and neuronal cell damage.135

Thus, there might be a causal relation between the decreased availability of 
magnesium in SAH and the deterioration of the acute cerebral damage and the
development of vasospasm and DCI.
Decreased serum magnesium levels after SAH might also be the missing link
between SAH and ECG abnormalities. In patients with SAH, lower serum magne-
sium levels are related to less pronounced increase in the QTc interval.136

Magnesium therapy in subarachnoid

haemorrhage 

There are several small clinical studies that demonstrate the safety and possi-
ble improvement in clinical outcome of magnesium therapy in subarachnoid
haemorrhage.137-139 A pilot study showed that 7 out of 10 patients without
magnesium therapy developed angiographic vasospasm compared to 2 out of 13
patients receiving magnesium supplementation to serum levels of 1.0-1.5
mmol/L.140 Yet another study in 14 patients showed that this had no effect on
total blood volume in the middle cerebral artery.141

Conclusion

Magnesium has the potency to attenuate cerebral ischaemia after SAH by its
neuroprotective and vasodilatory effect, and could thus ameliorate clinical out-
come in patients suffering SAH. Importantly, magnesium is safe, cheap and com-
monly available, and there is overwhelming clinical experience with magnesium
treatment in a variety of disorders.
We are currently running a prospective randomised, placebo-controlled, multi-
centre trial to determine whether intravenous administration of magnesium sul-
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phate reduces the frequency of DCI in patients admitted within 4 days after
aneurysmal SAH; MASH: Magnesium and Acetylsalicylic acid in Subarachnoid
Haemorrhage (p.m.: acetylsalicylic acid is also tested in this study).142

Recruitment has started in November 2000 and 283 patients have been included
until January 10th, 2004. It is expected that the MASH trial will report in 2004.
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Chapter 3



The aim of this study was to investigate whether the neuroprotective properties
of magnesium in cerebral ischaemia involve suppression of repetitive tissue
depo-larizations. Cortical spreading depressions (CSDs), evoked by cortical KCl
application, and cardiac arrest-induced anoxic depolarization (AD) were meas-
ured by extracellular DC recording on intact rat brain. At 90 min after onset of
CSDs saline, MK-801 (3mg/kg) or MgSO4 (90mg/kg) was given i.v. Latency time
to AD was measured after 4h. The frequency of CSDs was significantly reduced in
animals treated with MgSO4 or MK-801. AD was significantly delayed by MgSO4
but not by MK-801. Our results suggest that suppression of
depolarization by magnesium may play a role in its neuroprotective properties in
cerebral ischaemia. 
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Introduction

Magnesium has been used as a therapeutic agent in a wide range of clinical dis-
orders.1 Recently, increasing evidence for neuroprotective properties
of magnesium in cerebral ischaemia has emerged. Administration of magnesium
was able to reduce cerebral infarct size in rats.2,3 Stroke patients had an
improved outcome after treatment with magnesium.4 Magnesium ions have a
number of neurophysio-logical effects: they block the NMDA-activated ion
channels by a voltage-dependent mechanism,5 hinder intracellular calcium
entry,6 act as a co-factor for a number of important enzymes,7 inhibit the release
of excitatory amino acids8 and cause vasodilation.9 In vitro, addition of magne-
sium markedly reduced inward currents through the NMDA receptor-linked ion
channels.5 The NMDA receptor and associated inward currents are involved in
the generation of cortical spreading depressions (CSDs).10 These prop-agating
waves of tissue depolarizations have been suggested to play a major role in the
development of cerebral ischaemic lesions.11 A variety of NMDA
receptor antagonists which have been shown to reduce cerebral infarct size, also
block CSDs.11–13 The aim of our study was to determine whether the neuropro-
tective properties of magnesium involve suppression of these depolarizations.
Therefore we determined whether i.v. administration of MgSO4
reduced the number of CSDs induced by topical administration of KCl in rat
brain. We also tested whether the latency time to ischaemia-induced anoxic
depolarization (AD), which is prolonged by ion channel blockade,14 was delayed
after MgSO4 treat-ment. Results were compared with the effect of treatment
with the non-competitive NMDA antago-nist MK-801 (dizocilpine maleate),
which is known to block CSDs.11–13

Materials and Methods

All experiments were performed on male Wistar rats (275–375g). Animals were
fasted overnight, with free access to water. The protocol was approved by the
Utrecht University Board for study in experimental animals. Rats were anaes-
thetized with a s.c. mixture of 0.55ml/kg fentanyl citrate (0.315mg/ml) and flu-
anisone (10mg/ml; Hypnorm, Janssen-Cilag), 0.55ml/kg midazolam (5mg/ml)
and 0.05ml/kg atropine (0.5mg/ml). Thereafter, animals were endo-tracheally
intubated and mechanically ventilated with a mixture of N2O and O2 (2:1).
Anaesthesia was maintained either by adding 0.8% halothane to the breathing
mixture or by repetitive intramuscular injections of 0.25ml/kg Hypnorm (50,
150, 200, 300 and 350 min after the initial administration) and 0.25 ml/kg
midazolam (100, 150, 250 and 300 min after the initial administration).
During all experiments body temperature was maintained at 37.4 ± 0.7°C by
means of a feedback-controlled heating pad. The left femoral artery and vein 31



were cannulated with PE-50 catheters filled with heparinized saline (50 IE/ml)
to enable continuous monitoring of arterial blood pressure and blood sampling
and i.v. infusion of agents, respectively. At regular intervals, arterial blood sam-
ples were extracted for measurement of partial pressure of O2 and CO2 , pH,
glucose and magnesium. The skull was exposed by a midline incision. Five
burr holes (2 mm diameter) were drilled in the skull and the dura was excised.
Four Ag/AgCl pellet electrodes (1 mm diameter: Clark Electromedical
Instruments), embedded in specially designed poly-ethylene tubes filled with
electrode creme (Redux creme, Hewlett Packard) were carefully positioned
on the cortical surface at the following coordinates: 1 mm anterior and 2 mm
right to bregma (E1); 2 mm posterior and 2 mm right to bregma (E2); 5 mm
pos-terior and 2 mm right to bregma (E3); 5 mm posterior and 2 mm left to
bregma (E4). A bare Ag/AgCl electrode placed in the neck muscles served as a
reference. In order to evoke CSDs, a fifth hole (8 mm posterior and 2 mm right
to bregma) was carefully filled with 3 mol/l KCl, which was refreshed every
20 min. Extracellular direct current (DC) potentials were recorded by multiple
channel registration from 0.5 h before until 4 h after the induction of CSDs.
Since several anaesthetics are known to reduce the frequency of CSDs 15,16 we
assessed the influence of anaesthetics on generation of CSDs by comparing
Hypnorm/midazolam (n = 3) and halothane anaes-thesia (n = 3). In subsequent
studies, animals received an i.v. injection of saline (n = 7), MK-801
(SanverTECH; 3 mg/kg; n = 5) or MgSO4 (90 mg/kg; n = 6; 2 ml in
4 min), 90 min after the onset of CSDs. About 4 h after the induction of CSDs,
cardiac arrest was induced by an i.v. injection of 3 mol/l KCl and the electro-
physiological measurements were continued for ~25 min in order to measure
the AD. To establish baseline levels of physiological variables control rats (n = 4)
underwent the same surgical procedures as above but with cortical saline appli-
cation. The number and amplitudes of the DC-shifts, the propagation speed of
CSDs and the time to AD 14 after death were analysed with the software
package Kaleidagraph, version 3.0.5 (Abelback Soft-ware). All values are
expressed as mean ± s.d. Statistical comparisons were performed by means of
factorial or repeated measures analysis of variance with Scheffé’s F-test as post-
hoc comparison, or paired or unpaired Student’s t-tests when appropriate. p <
0.05 was considered statistically significant. 
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Results

In all rats physiological variables were kept within the physiological range during
the entire experiment (data not shown). In all groups, cortical application
of 3 mol/l KCl caused frequent waves of CSDs, measured as large negative shifts
of the extracellular DC potential on the ipsilateral hemisphere. No significant neg-
ative DC deflections were recorded in the contralateral cortex. In animals anaes-
thetized with halothane, the number of negative DC deflections per h was
-significantly reduced compared to those anaesthetized with Hypnorm and mida-
zolam (5.1 ± 1.6 vs 11.2 ± 1.4; p < 0.01). Hence, subsequent experiments
were performed under Hypnorm/midazolam anaes-thesia. Figure 1 shows typical
recordings of CSDs before and after administration of saline, MgSO4 and MK-801,
respectively. The CSD-associated negative DC deflections had amplitudes of
1.0–6.0 mV and durations of 0.7–3.7 min, which did not differ significantly
between groups. Clearly, the number of CSDs after treatment with MgSO4 or MK-
801 was reduced. Propagation speed of CSDs was essentially the same in all
groups (3.0 ± 0.4 min). 
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figure. 1. DC recordings of repetitive CSDs (measured on electrode 3) evoked in rat brain by cortical
application of 3 mol/l KCl, before and after infusion of agents. At 90 min after the onset of CSDs
(120 min after the start of DC recording) rats received a 2 ml i.v. injection of saline (top), 90 mg/kg
MgSO4 (middle) or 3 mg/kg MK-801 (bottom). Occasionally, a slowly rising DC level was detected.
This was caused by electrical drift and did not influence the CSD measurements.



KCl injection at the end of the measurements induced an initial positive DC shift
followed by a large negative deflection (AD)14 [Fig. 2]. 
The latency time to AD was prolonged in MgSO4 - and MK-801-treated rats.
Table 1 shows the results of the treatment studies. Before administration of
drugs, the numbers of CSD waves per hour were not significantly different
between groups. Administration of MgSO4 or MK-801 significantly blocked the
generation of CSDs. MK-801 was clearly more potent than MgSO4 , since injec-
tion of MK-801 completely abolished all CSDs. The time to AD was significantly
delayed in the MgSO4 -treated group only. I.v. infusion of 90 mg/kg MgSO4
produced a rapid increase in plasma magnesium [Fig. 3]. Thereafter, plasma
magnesium levels dropped, but remained elevated. I.v. infusion of saline or MK-
801 did not change plasma magnesium levels.

Table 1. Effect of treatment on frequency of cortical spreading depressions (CSDs) and anoxic
depolarization (AD) latency time in rat brain

Treatment group
Saline MgSO4 MK-801

(n = 7) (n= 6) (n= 5)
Number of CSDs/h
Before administration 9.7 ± 3.0 13.6 ± 3.5 11.4 ± 3.3
After administration 10.3 ± 2.2 7.0 ± 3.4** 0 ± 0**
Time to AD (s) 77.3 ± 6.4 97.8 ± 15.0# 87.4 ± 12.4

Values are mean ± s.d. ** p < 0.01 vs before administration; #p< 0.05 vs saline.
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Figure. 2. DC recordings of cardiac arrest-induced AD after i.v. KCl injection at the end of the
measurements (at 270 min). Rats had received a 2 ml i.v. injection of saline (top), 90 mg/kg 
MgSO4 (middle) or 3 mg/kg MK-801 (bottom) at 120 min after the start of DC recording.



Discussion

In this study, we assessed the influence of magnesium administration on evoked
CSDs and on the latency time to AD, in order to evaluate magnesium’s neuro-
protective properties in cerebral ischaemia. Electro-physiological DC recordings
on intact rat brain showed that administration of MgSO4 significantly
reduced the frequency of CSDs and delayed AD. Tissue depolarizations in the
brain resulting from elevated extracellular K+ levels caused by cerebral
ischaemia or external addition of K+ impose high demands on cerebral energy
metabolism. Under non-ischaemic conditions, cerebral metabolic capacity
and perfusion are adequate to counterbalance CSD-induced ionic disarrange-
ments, so that irreversible injury does not occur.17 However, under ischaemic
conditions the repetitive imbalance between energy demand and supply will
exhaust cellular energy stores and result in tissue damage.17 Indeed, it has been
demonstrated that ischaemic infarct size correlates linearly with the number of
CSDs.11,18 An important component in the generation and propagation of CSDs is
the NMDA receptor.10 The NMDA receptor-linked ion channels are blocked by
magnesium ions in a voltage-dependent manner. Relief of this blockade will
result in massive ion shifts and, consequently, propagation of depolariza-tion
waves. In vitro studies by Van Harreveld19 demonstrated that addition of magne-
sium suppressed CSDs in the chick retina. The present in vivo study shows that
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by increasing blood magnesium levels, CSDs can also be reduced in intact rat
brain. Although MgSO4 administration significantly reduced the frequency of
CSDs, it was not as effective as treatment with the non-competitive NMDA
antagonist MK-801, which resulted in complete abolition of CSDs, as has been
shown previously.10,20 This may be due to differences in blockade of
the NMDA receptor, alternative manners of CSD-suppression or different phar-
macokinetics. We chose a dose of 90 mg/kg MgSO4 , which is often used in
the clinic, and which has been shown to reduce ischaemic infarct size in rats.3

Besides its CSD-inhibiting ability, magnesium also significantly delayed AD.
Interestingly, in agreement with Lauritzen and Hansen 20 and Xie et al.,14

MK-801 did not significantly prolong the latency time to AD. This implies that
magnesium does not simply exert its AD-postponing effect through
NMDA receptor blockade. Since magnesium has been shown to support the
maintenance of ATP levels for a prolonged period after anoxia,21 specific energy
preserving mechanisms are probably involved. Besides acting through NMDA
receptor blockade and preservation of energy metabolism, magnesium
probably also contributes to the reduction of ischaemic damage by other mecha-
nisms, for example, by inhibiting the release of excitatory amino acids 8
or improving blood flow by vasodilation,9,22 effects mediated via direct or indi-
rect influences on ischaemia-induced depolarizations.

Conclusion

This study demonstrates that i.v. magnesium administration reduced CSDs and
delayed AD in intact rat brain. Therefore, we hypothesize that the neuroprotec-
tive role of magnesium in cerebral ischaemia is partly due to effective suppres-
sion of ischaemia-induced depolarizations. Our results suggest that magnesium
could be of value in the treatment of stroke, as well as in other cerebrovascular
disorders in which CSD phenomena are probably involved, such as migraine23

and head trauma.24
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Abstract

Objective
We developed an MRI protocol to measure cerebrovascular diameter and

blood flow velocity, and if we could detect cerebrovascular alterations after SAH
and their impact on cerebral ischemia.

Methods
SAH was induced in 15 Wistar rats by means of the endovascular filament

method; 6 other rats served as control. MRI measurements were performed on a
4.7T NMR spectrometer 1 and 48 hours after SAH and 9 days thereafter.
Diffusion-weighted and T2-weighted images were acquired to detect cerebral
ischemia. The arterial spin labeling method was used to measure CBF. MR
angiography was used to measure vessel diameter and blood flow velocity, from
which the arterial blood flow was calculated. 

Results
The ischemic lesion volume increased between 1 and 48 hours after SAH

from 0.039 to 0.26 ml (P = 0.003). CBF decreased from 53.6 to 39.1
ml/100g/min. The vessel diameter had narrowed, the blood flow velocity
diminished as did the arterial blood flow in most vessels, but only the vasocon-
striction in the right proximal ICA reached significance (0.49 mm to 0.43 mm, 
P = 0.016). Baseline values were restored at day 9.

Conclusion
We showed that it is feasible to detect alterations of in-vivo vessel diameter

and blood flow velocities and their consequences for brain damage after experi-
mental SAH in the rat. The growth of the infarct volume between day 0 and 2
after SAH and the parallel vasoconstriction suggest that delayed cerebral ischemia
after SAH occurs in rats and that this may be caused by vasoconstriction.
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Objective

Research to delayed cerebral ischemia after subarachnoid hemorrhage is quite
often focused on the occurrence of vasospasm, which is only an indirect method
to study cerebral ischemia while not all patients with vasospasm develop cerebral
ischemia. The most frequently used experimental model to study vasospasm fol-
lowing subarachnoid hemorrhage is the canine "two-hemorrhage" model, in
which two injections of blood into the dog’s basal cistern performed 48 hours
apart result in significant vasoconstriction.14

The disadvantages of this model are the use of large animals and the lack of a
ruptured artery under systolic pressure. Another means to induce SAH is the
endovascular filament method, which can be used in rats. In this model the skull
remains closed while the ruptured artery causes a bleeding under systolic pres-
sure. This leads to increased intracranial pressure and decreased cerebral perfu-
sion pressure3,23 and thus to a model that resembles better the human situation.
The rupture of the artery is soon followed by an acute vasoconstriction.3,7 Less
clear in this model is if and when delayed cerebral ischemia and vasospasm
occur. Rat models of subarachnoid hemorrhage where the basilar artery is punc-
tured or where blood is injected in the cisterna magna indicate that vasospasm
does occur with a zenith at day 2.1,7

The aim of our study was to investigate the pathophysiology following endovas-
cular induced subarachnoid hemorrhage in the rat with high-resolution magnetic
resonance imaging (MRI). This technique has the advantage that pathophysiolog-
ical changes and cerebral damage can be investigated in-vivo, which enables seri-
al measurements. Magnetic resonance angiography (MRA) enables in-vivo
measurement of blood flow velocities, vessel diameter and thus arterial blood
flow in large cerebral arteries after subarachnoid hemorrhage. Our goal is to
detect cerebrovascular changes and their relation with cerebral ischemia after
subarachnoid hemorrhage. The data on cerebral blood flow is acquired with
arterial spin labeling while T2-weighted and diffusion-weighted MRI were used
to estimate the extent of ischemic brain tissue. 
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Methods

Animal preparation
The experiments were performed on 21 male Wistar rats (300 to 370 g), of

which 6 act as controls. Anesthesia was induced with a subcutaneous injection of
a mixture of 0.55 ml/kg fentanyl citrate (0.315 mg/ml) and fluanisone (10
mg/ml), and 0.55 ml/kg midazolam (5 mg/ml). After transoral intubation anes-
thesia was maintained with 0.8% halothane in a 70:30 gas mixture of nitrous
oxide and oxygen and artificial ventilation at a rate of 30 breaths/min. The tidal
CO2 was continuously monitored and kept within physiological boundaries.
Body temperature was maintained at 37.0 ± 0.5 ºC by means of a feedback con-
trolled heating pad.

Induction of subarachnoid hemorrhage
SAH was induced by means of the endovascular filament method.3,23 A

sharpened prolene 3.0 suture was advanced through the ligated left external
carotid artery and distally through the internal carotid artery until the suture
perforated the intracranial bifurcation of the internal carotid artery after which
the suture was quickly redrawn. We made a small modification to the technique,
by temporary (± 20 s) clipping the internal carotid and carotid communis artery
before introducing the prolene filament in the external artery to diminish
extracranial blood loss to zero. 

MRI experiments
During the MRI protocol anesthesia and maintenance of physiological param-

eters was achieved in the same fashion as described before. MRI measurements
were performed 1 hour, 2 days and 9 days after the SAH. In controls MRI meas-
urement were done 2 and 9 days after the first measurement as well. The MRI
measurements had a duration of 2 hours and were performed on a 4.7 T Varian
NMR (Palo Alto, USA) horizontal bore spectrometer, equipped with a gradient
insert up to 220 mT/m. The animal's head was fixed in a stereotaxic holder. RF-
excitation and signal detection were accomplished by means of a Helmholtz vol-
ume coil (9 cm diameter) and an inductively coupled surface coil (2 cm
diameter).
A single slice sagital spin-echo image (echo time (TE) = 30 and repetition time
(TR) = 500 ms) was acquired for planning the subsequent experiments.
Subsequently, diffusion-weighted images were acquired for generating ADC
maps, T2 weighted images were acquired for generating a T2 map, T1 weighted
images were acquired for FAIR perfusion imaging and Time of Flight (TOF) and
Phase Contrast Angiography (PCA) images were acquired for evaluation of blood
vessel diameter and blood flow velocity. 
The following parameters were used:
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Multislice coronal spin-echo diffusion weighted images (DWI) were acquired
with a single-shot diffusion-trace MRI sequence5 with a 128 x 64 data matrix
(M), TR = 2s, TE = 100 ms, the number of averages (NA) = 2 and 4 b-values
ranging from 100 to 1780 s/mm2. 
T2-weighted images were acquired using a multi-echo sequence (8 TEs: 17.5ms
+ 7 x 17.5ms, TR = 2s, FOV = 3.2 x 3.2 cm2, M = 128 x 64, NA=2). Both the
T2-weighted and the diffusion-weighted datasets consisted of 8 consecutive, 1.7-
mm thick slices, with 0-mm slice gap, centered around the level of the caudate-
putamen (0.5 cm anterior from bregma as defined on the sagital scout). 
Flow-sensitive alternating inversion recovery (FAIR) perfusion imaging was per-
formed using a slice-selective and a non-selective inversion recovery image (Mss
and Mns) acquired with Turbo-fast low angle shot (FLASH) acquisition (flip
angle (θ) = 20º, TE = 3 ms TR = 6 ms, total TR = 6 s, M = 64 x 64, FOV =
3.2x3.2 cm2, slice thickness = 1.7 mm and NA = 64) and a sufficient inflow
time (TI) of 2 seconds to allow inflow of labeled spins into the brain tissue. For
normalization of FAIR signal an equilibrium magnetization (M0) image was
acquired with the same parameters, but without prior inversion. Vascular sup-
pression was used to limit contributions from larger arteries to the (micro-vas-
cular) CBF.20 For quantification of FAIR signal slice-selective and a non-selective
T1 weighted (T1W) images were acquired by Turbo-FLASH Look-Locker acqui-
sition (q/TE/TR = 5º/4.5 ms/11 ms, 12 TIs: 0.4 + 11 x 0.7 s, M = 64 x 64,
FOV = 3.2 x 3.2 cm2, NA = 8). FAIR and T1W images were acquired from a
single slice situated at 0.5 cm anterior from bregma.
Vessel diameters were determined from 3D-time-of-flight (TOF) images
(q/TE/TR = 60°/6 ms/45 ms, M = 128 x 128 x 48, FOV = 1.9 x 1.9 x 1.3 cm3

and NA=2). 
Blood flow velocities were calculated by means of phase contrast angiography
(q/TE/TR = 40°/15 ms/60 ms, M = 128x128, FOV = 3 x 3 cm2, slice thickness
= 1.5 mm, NA = 4) with an encoding velocity (venc) of 52 cm/s. PCA images
were acquired from the basilar artery, the internal carotid arteries, the middle
cerebral arteries, and the anterior cerebral arteries. The positions are indicated in
figure 1 and were planned using a maximum intensity projection of the 3D-TOF
images. 

Post-mortem examination
Following the last NMR study, the animals were terminated with 5%

Halothane and the brains were exposed and inspected for the presence of sub-
arachnoid hemorrhage. 

Data analysis
All images were zerofilled to 256x256 (DWI, T2W, PCA) or 128x128 

(FAIR, T1W). 
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ADC and T2 maps were generated by mono-exponential fitting of the diffusion-
weighted images and the T2 weighted images on a pixel-by-pixel basis. 
T1-maps were generated by pixel-by-pixel exponential fitting of the T1W
images while including a correction for longitudinal saturation as described by
Deichmann.6 Individual slice-selective and non-selective inversion recovery
images were subtracted and represented as percentage of M0 to yield relative
FAIR perfusion images. Using a slice-selective (apparent) T1-map, CBF values (in
ml/min/100g tissue) were calculated from FAIR-rCBF maps according to
Calamante.4 (assuming a 100% inversion efficiency, a blood-brain partition coef-
ficient of 0.9 ml/g and an arterial blood T1 of 2.0s).11

Maps of flow velocity were calculated by subtracting the PCA images with posi-
tive and negative gradient couples and recalculating the difference using the
known relation between phase and flow velocity.
We analyzed parametric ADC images using the image-analysis software package
ImageBrowser (Varian). The ischemic lesion area was calculated from the ADC
maps by thresholding, using the mean ADC values of the control animals (0.76 ±
0.08 x 10-3 mm2/s).8,9,19 An ADC value was considered pathological when it
was two STD below the mean ADC level of brain tissue water in the control ani-
mals.
T2-maps were analyzed with the same software package. The ischemic lesion
area was calculated from the T2 maps by thresholding, using the mean T2 values
of the control animal’s (0.053 ± 0.007 s). A T2 value was considered pathologic
when it was two standard deviations above the mean T2 level in the control ani-
mals. An upper lever of 70% increase (T2 value 0.09 s) was used to exclude the
intraventricular area of being part of the ischemic volume. We determined total
lesion volume as well as lesion volume in the ipsilateral (right) and contralateral
hemispheres. 
Vessel diameter was measured at 11 arterial locations [fig.1]. A line with a
length of exact 1 mm was drawn upon the hyperintense vessel of the transversal
(in the rat brain inferior-superior) view of the 3D-MRA. The vessel was deter-
mined as all pixels with an intensity of more than 50% of the mean intensity of
the points on the line. All other pixels were deleted. A square was drawn with
the same length as the line (1 mm). The area of the remaining pixels on the line
within the square (mm2) was divided by the length of the square (1 mm) yield-
ing the mean diameter of the vessel in mm on a 1-mm section.
The blood flow velocity in the vessel was determined in a transverse PCA image
of the vessels at the same levels as the diameter measurements. The region of
interest (ROI) was always 9 pixels (0.05062 mm2). The ROI was placed on that
area of the vessel with the highest mean value, which was considered the peak
flow velocity (cm/s). 
Subsequently, multiplying vessel diameter and blood flow velocity assessed arte-
rial flow (ml/min). 
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We used the Independent-Samples T test to compare means for all the measured
parameters for the control group and the SAH group and to compare means
between day 2 and day 0 after SAH. We assessed the infarct size used for com-
parison at day 0 (DWI) and day 2 (T2) with different MRI techniques because
T2-weighted MRI is the most accurate for measuring infarct volume but the
measurement directly after SAH is premature for T2 changes. Data are presented
as mean ± SD. 

Results

In the SAH group, at day 0, the diffusion-weighted MRI was finished 58 ± 9
min. minutes after the hemorrhage, FAIR 80 ± 12 min. and the MRA 128 ± 18
min. All 15 animals in the SAH group survived the first MRI measurement. Eight
animals completed the second measurement on day 2 and 5 the final measure-
ment on day 9 [fig.2]. All 15 animals in the SAH group had evidence of SAH in
post mortem examination. The data for vessel diameter, flow velocity and arteri-
al blood flow in the different arteries of the control animals and after SAH are
shown in table 1. Control animals had no relevant ADC or T2 abnormalities.
There was no difference in CBF, vessel diameter, blood flow velocity or arterial
blood flow between day 0, 2 and 9 in the control animals. For that reason we
used their cumulative values for describing physiological data and for compari-
son with the results in the SAH group. There was no significant difference in
vessel diameters 1 hour after SAH compared to control animals. The flow veloci-
ty directly after SAH was lower than in controls, although this only reached sig-
nificance in the right distal ICA, the right distal MCA and the left and right
proximal MCA. The arterial blood flow 1 hour after SAH was significantly lower
in the left proximal MCA (p = 0.002) compared with controls.
Two days after SAH, there was also a tendency for smaller diameter in most ves-
sels compared with controls, while the flow velocity in the basilar artery (p =
0.009) and right proximal MCA (p = 0.009) was lower, as was the flow in the
right proximal MCA (p = 0.046) (p values not shown in tables).
At day 9, the cerebrovascular parameters had normalized, except for the flow
velocity in the BA, which was significantly lower (p = 0.048) than in controls.
The results for CBF and infarct volume in controls and after SAH are shown in
table 2. Mean infarct volumes one hour after SAH were 0.12 ± 0.19 ml on ADC
maps. The mean CBF at approximately 80 minutes after SAH was 42 ± 26
ml/100g/min, which was not significantly different from controls. 
The mean infarct volume as assessed with T2-weighted MRI at the final meas-
urement on day 9 was 0.17 ± 0.05 ml. The mean infarct volume on day 9 was
smaller compared to the volume on day 2 because the animals with a large
infarct on day 2 died before the measurements on day 9. The mean CBF at day 9
was 42 ± 14 ml/100g/min. 45



Figure 1. Maximum intensity projection of the 3D-time-of-flight magnetic resonance angiography
shows the major cerebral arteries. The unmarked vessel is the pterygo-palatin artery.

Figure 1. Maximum intensity projection of the 3D-time-of-flight magnetic resonance angiography
shows the major cerebral arteries. The unmarked vessel is the pterygo-palatin artery.
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Figure 2. Magnetic resonance imaging in experimental subarachnoid hemorrhage 

LEFT RIGHT 

Typical example of diffusion-weighted image 1 hour after subarachnoid hemorrhage showing
ipsilateral, predominantly cortical infarct. This animal did not survive until day 2 measurements.

Diffusion-weighted images on day 0 and T2-weighted images on day 2 showing increase of a
contralateral infarct. This animal did not survive until day 9 measurements.

Example of an animal that shows no significant lesions on early diffusion-weighted imaging or T2-
weighted imaging on day 2 and 9. This animal survived until day 9 despite hydrocephalus.
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Table 1. vessel diameter, flow velocity and arterial blood flow in controls and
after subarachnoid hemorrhage 

days after subarachnoid
hemorrhage

controls 0 2 9 p value*
n=3x6 n=15 n=8 n=5

BA Ø 0.34 0.34 0.29 0.29 0.95
υ 19 16 14 13 0.09
Q 1.02 0.88 0.50 0.74 0.58

ICA proximal left Ø 0.44 0.39 0.43 0.40 0.64
υ 16 17 14 13 0.43
Q 1.43 1.37 1.21 1.16 0.81

ICA proximal right Ø 0.46 0.47 0.43 0.46 0.67
υ 16 18 15 13 0.38
Q 1.63 1.84 1.33 1.58 0.42

ICA distal left Ø 0.24 0.25 0.26 0.26 0.35
υ 16 14 14 17 0.21
Q 0.47 0.41 0.54 0.62 0.58

ICA distal right Ø 0.26 0.28 0.24 0.24 0.35
υ 19 15 15 17 0.04
Q 0.61 0.52 0.47 0.50 0.45

MCA proximal left Ø 0.30 0.26 0.26 0.27 0.08
υ 9 6 8 7 0.003
Q 0.51 0.24 0.32 0.44 0.002

MCA proximal right Ø 0.29 0.31 0.29 0.29 0.26
υ 10 6 8 7 0.01
Q 0.56 0.40 0.34 0.60 0.18

MCA distal left Ø 0.22 0.23 0.22 0.23 0.09
υ 13 7 10 11 0.06
Q 0.22 0.20 0.25 0.26 0.64

MCA distal right Ø 0.22 0.23 0.22 0.22 0.40
υ 14 8 8 13 0.04
Q 0.22 0.20 0.20 0.21 0.61

ACA left Ø 0.21 0.21 0.23 0.20 0.99
υ 16 17 14 14 0.43
Q 0.36 0.32 0.43 0.29 0.51

ACA right Ø 0.21 0.22 0.21 0.20 0.71
υ 13 15 15 12 0.26
Q 0.30 0.28 0.43 0.26 0.77

Ø: vessel diameter [mm]; υ: blood flow velocity [cm/s]; Q: arterial blood flow [ml/min]
BA: basilar artery; ICA: internal carotid artery; MCA: middle cerebral artery; ACA: anterior cerebral artery
*p values are given for control-day 0 difference only as other groups are not comparable due to case fatality



When considering only the 8 animals that completed at least the measurement at
day 2 [table 3 and 4], the infarct volume increased between from 0.039 ml on
day 0 to 0.26 ml (p = 0.003) on day 2. There was a non-significant decrease in
CBF in these animals, from 54 to 39 ml/100g/min. The vessel diameter had
narrowed in almost all vessels, but only the vasoconstriction in the right proxi-
mal ICA reached significance (0.49 mm to 0.43 mm, p = 0.016). There was also
a tendency in most vessels for a lowering of the mean flow velocity and arterial
blood flow between day 0 and 2. 

In the 5 animals who completed all 3 measurements until day 9 after SAH there
was no further increase in infarct size between day 2 (0.18 cc) and 9 (0.16 cc),
and CBF restored from 35 ml/100g/min at day 2 to 42 ml/100g/min at day 9
[table 4a]. Vessel parameters at day 9 were not significantly different than in
controls.

Discussion

Our results show that with the use of MRI techniques it is feasible to measure
the diameter and flow velocity of the basal intracranial arteries of the rat and
their alterations after experimental subarachnoid hemorrhage. Longitudinal data
showed that cerebral lesion volume is increasing between day 0 and 2 after SAH
and no further thereafter. 
This is the first report of the occurrence of vasoconstriction 2 days after SAH
induced by the endovascular filament method. The zenith of vasoconstriction in
this model may not be at 48 hours after SAH induction, because studies that
found this peak time of vasoconstriction in the rat used other methods of SAH
induction.1,7 Another novelty is that changes is diameter, flow and lesion volume
were detected by means of serial MR studies. 
Validation of the values for vessel diameter found in our study is difficult
because there is not much knowledge about in-vivo vessel diameter after SAH or 49

Table 2. cerebral blood flow and lesion volume in controls and after
subarachnoid hemorrhage 

time after subarachnoid hemorrhage 
controls 1-2 hour 2 days 9 days

n=3x6 n=15 n=8 n=5
CBF 41 42 40 42
CBF left hemisphere 41 42 36 41
CBF right hemisphere 40 41 42 43
lesion volume 0.12* 0.26** 0.17**

CBF: cerebral blood flow [ml/100g/min]; *diffusion-weighted MRI; **T2-weighted MRI



Chapter 4

50

Table 3. alterations in vessel diameter, flow velocity and arterial blood flow after
subarachnoid hemorrhage in animals that completed the measure-
ments at day 2 (n=8)

time after subarachnoid hemorrhage
2 hours 2 days difference (%) p value

BA Ø 0.34 0.29 -16 0.32
υ 16 14 -11 0.61
Q 0.92 0.50 -46 0.19

ICA proximal left Ø 0.39 0.43 +10 0.33
υ 16 14 -14 0.38
Q 1.18 1.21 +3 0.93

ICA proximal right Ø 0.49 0.43 -13 0.02
υ 18 15 -14 0.38
Q 1.97 1.33 -32 0.09

ICA distal left Ø 0.26 0.26 +1 0.96
υ 15 14 -7 0.75
Q 0.48 0.54 +13 0.71

ICA distal right Ø 0.26 0.24 -7 0.31
υ 17 15 -11 0.50
Q 0.60 0.47 -22 0.39

MCA proximal left Ø 0.28 0.26 -7 0.20
υ 8 8 +23 0.46
Q 0.29 0.32 +12 0.71

MCA proximal right Ø 0.31 0.29 -5 0.64
υ 10 8 -15 0.61
Q 0.48 0.34 -28 0.41

MCA distal left Ø 0.24 0.22 -9 0.22
υ 7 10 +13 0.74
Q 0.20 0.25 +27 0.57

MCA distal right Ø 0.24 0.22 -6 0.15
υ 8 8 +2 0.96
Q 0.22 0.20 -7 0.80

ACA left Ø 0.20 0.23 +14 0.07
υ 17 14 -15 0.36
Q 0.34 0.43 +29 0.26

ACA right Ø 0.20 0.21 +6 0.58
υ 16 15 -8 0.56
Q 0.33 0.43 +31 0.20

Ø: vessel diameter [mm]; υ: blood flow velocity [cm/s]; Q: arterial blood flow [ml/min]
BA: basilar artery; ICA: internal carotid artery; MCA: middle cerebral artery; ACA: anterior cerebral artery



even in the normal rat brain. Only a few studies have presented absolute data for
vessel diameter [table 5],10,15-17,22 most of them containing the basilar artery.
The reported diameter for the basilar artery is fairly in agree with our data, but
data for other vessels are further apart. Variances may be related to a different
rat type, method of SAH induction, measurement tool or method; we measured
a vessel section of 1 mm, which provide information about the global vessel
diameter instead of 1 or 3 separate points. Extremely important is the timing of
measurement, as it is very well known that vessel diameter after experimental
SAH is continuously enlarging until at least 90 minutes after the initial acute
vasoconstriction.7 The influence of in-vivo instead of ex-vivo measurements may
also be of significance. To our knowledge, no previous reports had been pub-
lished on arterial velocity and arterial blood flow before and after experimental
SAH in rats. 
Approximately 80 minutes after SAH we found that global brain CBF did not
differ significantly from that in controls, which is in contrast with the findings
presented by others. Serial measurements of regional CBF by hydrogen clearance
revealed that experimental subarachnoid hemorrhage by intracisternal injection
of autologous arterial blood resulted in an immediate 50% global reduction in
cortical flows that persisted for up to 3 h post SAH.13 Studies using the endovas- 51

Table 4. alterations in cerebral blood flow and lesion volume after subarachnoid
hemorrhage in animals who completed the measurements at day 2 (n=8)

time after subarachnoid hemorrhage 
1-2 hour 2days difference (%) p 

CBF 54 39 -27 0.28
CBF left hemisphere 54 36 -33 0.16
CBF right hemisphere 53 42 -21 0.45
lesion volume 0.04 0.26 0.003

CBF: cerebral blood flow [ml/100g/min]; *diffusion-weighted MRI; **T2-weighted MRI

Table 4a.alterations in CBF and lesion volume after subarachnoid hemorrhage in
animals that completed the measurements at day 9 (n=5)

difference difference
time after subarachnoid hemorrhage (%) p (%) p 

1-2 h 2 days 9 days day 0-2 day 2-9

CBF 61 35 42 -43 0.17 20 0.36
CBF left hemisphere 62 36 43 -42 0.18 19 0.37
CBF right hemisphere 61 33 41 -45 0.46 24 0.31
lesion volume [ml] 0.02* 0.19** 0.17** 0.005 0.56

CBF: cerebral blood flow [ml/100mg/min]; *diffusion-weighted MRI; **T2-weighted MRI



cular filament method to induce SAH and laser-Doppler flowmetry to measure
CBF, found an immediate decrease in CBF after SAH and rise thereafter to
approximately 40% of control values in 60 minutes.2,3,22 Another study that also
used laser-Doppler flowmetry confirmed an immediate decrease of CBF values to
30% of baseline values but with an extended decreased level of 69% of baseline
values 90 minutes after perforation SAH.18 The contrast with our results might
be explained by the difference in CBF measurement method. With the laser
Doppler flowmetry only cortical CBF is measured whereas MR techniques meas-
ure global brain CBF. Our presented results for CBF 2 and 9 days after SAH could
not be compared as there is a lack of data previous presented by other authors. 
A disadvantage of the used model is the high case fatality and consequently loss
of animals on day 2 and 9 after SAH. Half the animals did not survive until the
end of the measurement of day 2 and two-third died before the final measure-
ments. This might be caused by the increase in ICP in the endovascular filament
model.3,18Another reason for the high case fatality besides the severity of the
SAH in this model, might be the load of the severe anesthesia protocol, 3 times
in 9 days including the induction of SAH. Several animals died shortly after
anesthesia induction at day 2, when the animals where obviously not in a good
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table 5. reported vessel diameter [mm] in rat studies before and after
subarachnoid hemorrhage

diameter (n) in controls and after SAH
SAH measurement

study rat (g) method tool part of vessel controls 10 min 1h 2 h 2 days
vessel

Piepgras17 W CC angiography bif. MCA 0.37(41) 0.21(7) 0.31(28)

(260-400)

Ono15 SD CM SEM 3 pts BA 0.38(9) 0.24 (6)

(300-350) histology 3 pts BA 0.37(12)

Germano10 SD CM angiography ? BA 0.35(10) 0.23(10)

(250)

Sehba22 SD EFM histology ? ICA* 0.15(11)

(300-400) A1 0.13

A2 0.11

Ono16 SD CM LM 3 pts BA 0.37(6)

vd Bergh W EFM MRI 1mm BA 0.34(18) 0.34(15) 0.29(8)

(300-370) section ICA# 0.27 0.25

A2# 0.22 0.22

SD: Sprague-Dawley; W: Wistar; CC: injection of autologue blood in the chiasmatic cistern; CM: injection of autologue
blood in the cisterna magna; SEM: scanning electron microscope; LM: light microscope; ESM: endovascular filament
method; bif.: carotid bifurcation; BA: basilar artery; ICA: internal carotid artery; A: anterior cerebral artery
* probable distal ACI; # mean left and right



shape (weight loss and decreased self-care). A reduced measurement frequency
or a change in anesthesia might reduce the case fatality and thus the need for an
increased number of animals in future research.
Another possible disadvantage is the uncontrollable variability in the severity of
the hemorrhage. Although a smaller filament could lead to a reduced SAH,21 this
may also influence the occurrence of other pathophysiological changes. 
Despite the high case fatality and variability of this SAH model, we believe that
our choice for this model is valid. The rupture of an intracranial artery in com-
bination with an intact skull resembles the human situation closest. Even the
high case fatality resembles the human situation where case fatality approximates
50%.12

We conclude that MR techniques can measure cerebrovascular alterations and
ischemic lesion development after SAH in the rat. The increase of the ischemic
lesion between day 0 and 2 after SAH and the simultaneous vasoconstriction sug-
gest that delayed cerebral ischemia related to vasospasm occurs in rats after SAH.
This model is therefore useful to study the pathophysiology of delayed cerebral
ischemia and the effects of potential neuroprotective agents.

Acknowledgments

We gratefully acknowledge the Netherlands Heart foundation (grant 99.107),
the Netherlands Brain Foundation (projectnumber 8F00(2).26) and the
Schumacher-Kramer Foundation for financially supporting this study. Gerard van
Vliet is gratefully acknowledged for his expert technical assistance. Prof. Rinkel is
clinical established investigator of the Netherlands Heart foundation (grant
D98.014).

References

1 Barry KJ, Gogjian MA, Stein BM: Small animal model for investigation of subarachnoid hemorrhage
and cerebral vasospasm. Stroke 10:538-541, 1979

2 Bederson JB, Germano IM, Guarino L: Cortical blood flow and cerebral perfusion pressure in a new
noncraniotomy model of subarachnoid hemorrhage in the rat. Stroke 26:1086-1091, 1995

3 Bederson JB, Levy AL, Ding WH, et al: Acute vasoconstriction after subarachnoid hemorrhage.
Neurosurgery 42:352-360, 1998

4 Calamante F, Williams SR, van Bruggen N, et al: A model for quantification of perfusion in pulsed
labelling techniques [published erratum appears in NMR Biomed 1996 Sep;9(6): 277]. NMR
Biomed. 9:79-83, 1996

5 de Graaf RA, Braun KP, Nicolay K: Single-shot diffusion trace (1)H NMR spectroscopy. Magn Reson
Med. 45:741-748, 2001

6 Deichmann R, Haase A: Quantification of T1 values by SNAPSHOT-FLASH NMR imaging. J Magn
Reson. 96:608-612, 1992 53



7 Delgado TJ, Brismar J, Svendgaard NA: Subarachnoid haemorrhage in the rat: angiography and
fluorescence microscopy of the major cerebral arteries. Stroke 16:595-602, 1985

8 Dijkhuizen RM, Beekwilder JP, van der Worp HB, et al: Correlation between tissue depolarizations
and damage in focal ischemic rat brain. Brain Res. 840:194-205, 1999

9 Dijkhuizen RM, Berkelbach van der Sprenkel JW, Tulleken KA, et al: Regional assessment of tissue
oxygenation and the temporal evolution of hemodynamic parameters and water diffusion during
acute focal ischemia in rat brain. Brain Res. 750:161-170, 1997

10 Germano A, Imperatore C, d'Avella D, et al: Antivasospastic and brain-protective effects of a
hydroxyl radical scavenger (AVS) after experimental subarachnoid hemorrhage. J Neurosurg
88:1075-1081, 1998

11. Herscovitch P, Raichle ME: What is the correct value for the brain--blood partition coefficient for
water? J Cereb Blood Flow Metab. 5:65-69, 1985

12. Hop JW, Rinkel GJ, Algra A, et al: Case-fatality rates and functional outcome after subarachnoid
hemorrhage: a systematic review. Stroke 28:660-664, 1997

13. Jackowski A, Crockard A, Burnstock G, et al: The time course of intracranial pathophysiological
changes following experimental subarachnoid haemorrhage in the rat. J Cereb Blood Flow Metab
10:835-849, 1990

14 Megyesi JF, Vollrath B, Cook DA, et al: In vivo animal models of cerebral vasospasm: a review.
Neurosurgery 46:448-460, 2000

15 Ono S, Date I, Nakajima M, et al: Three-dimensional analysis of vasospastic major cerebral arteries in
rats with the corrosion cast technique. Stroke 28:1631-1637, 1997

16 Ono S, Komuro T, Macdonald RL: Heme oxygenase-1 gene therapy for prevention of vasospasm in
rats. J Neurosurg. 96:1094-1102, 2002

17 Piepgras A, Thome C, Schmiedek P: Characterization of an anterior circulation rat subarachnoid
hemorrhage model. Stroke 26:2347-2352, 1995

18 Prunell GF, Mathiesen T, Diemer NH, et al: Experimental subarachnoid hemorrhage: subarachnoid
blood volume, mortality rate, neuronal death, cerebral blood flow, and perfusion pressure in three
different rat models. Neurosurgery 52:165-175, 2003

19 Roussel SA, van Bruggen N, King MD, et al: Monitoring the initial expansion of focal ischaemic
changes by diffusion-weighted MRI using a remote controlled method of occlusion. NMR Biomed.
7: 21-28, 1994

20 Schepers J, Van Osch MJ, Nicolay K: Effect of vascular crushing on FAIR perfusion kinetics, using a
BIR-4 pulse in a magnetization prepared FLASH sequence. Magn Reson Med. 50:608-613, 2003

21 Schwartz AY, Masago A, Sehba FA, et al: Experimental models of subarachnoid hemorrhage in the
rat: a refinement of the endovascular filament model [In Process Citation]. J Neurosci Methods
96:161-167, 2000

22 Sehba FA, Ding WH, Chereshnev I, et al: Effects of S-nitrosoglutathione on acute vasoconstriction
and glutamate release after subarachnoid hemorrhage. Stroke 30:1955-1961, 1999

23 Veelken JA, Laing RJ, Jakubowski J: The Sheffield model of subarachnoid hemorrhage in rats. Stroke
26:1279-1283, 1995

Chapter 4

54



Magnetic resonance 
imaging in 
experimental 
subarachnoid 
hemorrhage
van den Bergh WM
Schepers J
Veldhuis WB
Nicolay K
Tulleken CAF
Rinkel GJE

Submitted

Chapter 4 Role of magnesium
in the reduction of
ischemic
depolarization and
lesion volume after
experimental
subarachnoid
hemorrhage
van den Bergh WM, 
Zuur JK, 
Kamerling NA, 
van Asseldonk JT, 
Rinkel GJE, 
Tulleken CAF, 
Nicolay K

J Neurosurg. 2002 Aug;97(2):416-22

Chapter 5



Objective
Ischemia-induced tissue depolarizations probably play an important role in

the pathophysiology of cerebral ischemia caused by parent vessel occlusion. Their
role in ischemia caused by subarachnoid hemorrhage (SAH) remains to be inves-
tigated. The authors determined whether ischemic depolarizations (IDs) or corti-
cal spreading depressions (CSDs) occur after SAH, and how these relate to the
extent of tissue injury measured on magnetic resonance (MR) images. In addi-
tion, they assessed whether administration of MgSO4 reduces depolarization time
and lesion volume.

Methods
By means of the endovascular suture model, experimental SAH was induced

in 52 rats, of which 37 were appropriate for analysis, including four animals that
underwent sham operations. Before induction of SAH, serum Mg2+ levels were
measured and 90 mg/kg intravascular MgSO4 or saline was given. Extracellular
direct current potentials were continuously recorded from six Ag/AgCl elec-
trodes, before and up to 90 minutes following SAH, after which serum Mg2+

levels were again measured. Next, animals were transferred to the MR imaging
magnet for diffusion-weighted (DW) MR imaging. Depolarization times per elec-
trode were averaged to determine a mean depolarization time per animal.

Results
No depolarizations occurred in sham-operated animals. Ischemic depolariza-

tions occurred at all electrodes in all animals after SAH. Only two animals dis-
played a single spreading depression-like depolarization. The mean duration of
the ID time was 41 ± 25 minutes in the saline-treated controls and 31 ± 30
minutes in the Mg2+-treated animals (difference 10 minutes; p = 0.31).
Apparent diffusion coefficient (ADC) maps of tissue H2O, obtained using DW
images approximately 2.5 hours after SAH induction, demonstrated hypointensi-
ties in both hemispheres, but predominantly in the ipsilateral cortex. No ADC
abnormalities were found in sham-operated animals. The mean lesion volume, as
defined on the basis of a significant ADC reduction, was 0.32 ± 0.42 ml in
saline-treated controls and 0.11 ± 0.06 ml in Mg2+-treated animals (difference
0.21 ml; p = 0.045). Serum Mg2+ levels were significantly elevated in the Mg2+
-treated group.

Conclusions
On the basis of their data, the authors suggest that CSDs play a minor role, if

any, in the acute pathophysiology of SAH. Administration of Mg2+ reduces the
cerebral lesion volume that is present during the acute period after SAH. The
neuroprotective value of Mg2+ after SAH may, in part, be explained by a reduc-
tion in the duration of the ID of brain cells.
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Abbreviations
ADC = apparent diffusion coefficient, CA = carotid artery, CBF = cerebral

blood flow, CSD = cortical spreading depression, DC = direct current, DW = dif-
fusion-weighted, ICP = intracranial pressure, ID = ischemic depolarization, MCA
= middle cerebral artery, MR = magnetic resonance, NMDA = N-methyl-D-
aspartate, SAH = subarachnoid hemorrhage, SD = standard deviation

Much research has been devoted to the treatment of SAH and its complications,
but these have only led to modest improvements in overall outcome.19 The lack
of a major improvement is explained by the initial impact of the hemorrhage,
which is responsible for 15% of cases of immediate death from SAH and is also a
major cause of overall morbidity and mortality.4,24,35 The initial impact of
aneurysm rupture is probably also associated with the occurrence of secondary
ischemia after SAH, because parameters of the impact of the initial bleeding (that
is, the amount of blood shown on the computerized tomography scan, duration
of unconsciousness, and clinical condition at admission) are the most important
predictors of secondary ischemia.16-18,20 The pathophysiology of acute cerebral
damage after SAH remains largely unclear. Increased insight into this pathophysi-
ology may help curb the effects of the initial ischemia and improve prevention
and treatment of secondary ischemia.
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Figure. 1 Artist’s illustration demonstrating the positions of the six DC-coupled surface electrodes
on the rat skull. The parietal electrodes (1 and 6) were placed 1.5 mm posterior to the bregma and
3 mm under the temporal line, the occipital electrodes (2 and 5) were placed 4.5 mm posterior and
5 mm lateral to the bregma, and the electrodes on the hindlimb area of the cortex (3 and 4) were
placed 1.5 mm posterior and 2 mm lateral to the bregma). Subarachnoid hemorrhage
was induced on the left side (electrodes 4–6). This figure was adapted with permission from
Paxinos GT, Watson C: The Rat Brain in Stereotaxic Coordinates, ed 3. Orlando, FL: Academic
Press, 1996.



Shortly after SAH there is a decrease in CBF.14 In experimental models of SAH
the decreased CBF has been linked to a rapid and transient increase in ICP in the
initial phase following hemorrhage but after this period CBF is decreased and
thus, probably, the period of raised ICP is accompanied and followed by acute
vasoconstriction, which is independent of changes in ICP and perfusion
pressure.3, 23 In patients, this period of diminished CBF is reflected by a period
of unconsciousness, and can lead to brain infarction.39

A recent study in which a fast echoplanar MR imaging diffusion sequence was
used found a sometimes transient decline in the ADC of H2O during the hypera-
cute phase of an endovascularly induced SAH in the rat, indicating that CSDs
occur after SAH.1, 5 In the case of focal cerebral ischemia, CSDs are known to
represent undulating changes in extracellular K+ concentration, which occur in
the border zone of evolving brain infarctions and are believed to play a role in
the development of the infarction.6, 21, 26 Diffusion-weighted MR imaging is an
important tool in stroke research, because of its ability to visualize ischemic tis-
sue shortly after disease onset. Ischemia is accompanied by a reduction in the
ADC of brain-tissue H2O, which results in regional hypointensities on quantita-
tive H2O ADC maps.

The aim of this work was to measure the DC potential in the rat cortex to deter-
mine whether IDs or CSDs occur after SAH, and to assess lesion volume during
the acute phase following SAH by MR imaging performed shortly after DC
potential measurements. In view of the role of IDs in the pathophysiology of
ischemic stroke, we considered it of interest to examine the possible correlation
between depolarization time and the volume of the lesion as it is depicted on
MR images. Moreover, we studied the effect of MgSO4 on CSDs, depolarization
time, and lesion volume following SAH, because we have previously shown that
MgSO4 reduces the frequency of CSDs in a rat model of artificially evoked CSD.38
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Materials and Methods   

Animal Preparation
The experiments were performed in 52 male Wistar rats, each of which

weighed between 300 and 380 g. Anesthesia was induced by administering a
subcutaneous injection of a mixture of 0.55 ml/kg fentanyl citrate (0.315
mg/ml), fluanisone (10 mg/ml), and 0.55 ml/ kg midazolam (5 mg/ml). After
transoral intubation had been initiated, anesthesia was maintained by administra-
tion of 0.8% halothane in a 70:30 gas mixture of N2O/O2 and artificial ventila-
tion was regulated at a rate of 30 breaths/minute. The tidal CO2 was
continuously monitored and kept within physiological boundaries. Body temper-
ature was maintained at 37 ± 0.5°C by means of a feedback-controlled heating
pad.

The right femoral artery was cannulated with polyethylene (PE-50) tubing for
continuous blood pressure recording and a continuous supply of saline to pre-
vent dehydration, as well as to obtain blood samples for serum Mg2+ analysis
before and 90 minutes after SAH induction. Saline or MgSO4 was administrated
intravenously as a bolus injection via tail infusion.

A midline incision was made to expose the skull. Six 1.5-mm burr holes were
drilled into the skull, as schematically displayed in Fig. 1, at the parietal,
hindlimb, and occipital cortex areas of the ipsilateral and contralateral hemi-
spheres.30 We kept the dura mater intact. After the periosteum had been
removed, the burr holes were covered with an acrylic dental cement mould fixed
with adhesive to anchor the electrodes within the skull. This same mould was
used repeatedly in all rats. One-millimeter-diameter pellet Ag/AgCl electrodes
were enclosed in polyethylene tubes measuring 10 mm long and 1 mm in diam-
eter, which were filled with 0.9% NaCl in agar. Electrical continuity between tis-
sue and electrodes was established by applying electrode cream. The signal from
a bare Ag/AgCl electrode placed in the neck musculature served as a reference. 
A ground electrode was connected to the ground of an electric socket.

Induction of SAH
Subarachnoid hemorrhage was induced by advancing a sharpened No. 3.0

Prolene suture through the ligated left external CA and distally through the
internal CA until the suture perforated the intracranial bifurcation of the internal
CA, after which the suture was quickly redrawn. This technique was previously
described by Bederson, et al.,2 and Veelken and associates40 and is a modification
of the endovascular suture model used for MCA occlusion. A brief decrease in
blood pressure followed by a short spell of raised blood pressure gave us confi-
dence that SAH had been induced. Four rats underwent a similar procedure,
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including DC potential recording; however, in these animals, the Prolene thread
was kept in place for less than 2 minutes and the vessel was not perforated
(sham-operated group).

Drug Treatment and Experimental Groups
Animals were randomly chosen for pretreatment with MgSO4 or saline,

which was administered 15 minutes before SAH as an intravenous bolus via tail
infusion. Of the 37 surgically treated animals that were used for data analysis, 14
were pretreated with 90 mg/kg MgSO4 (treatment group) from a 100 mg/ml
solution, 19 received 0.3 ml of saline (control SAH group), and four animals
underwent sham operation and received saline as well (sham-operated group).

Recording of DC Potentials
Direct current potentials were recorded before and up to 90 minutes follow-

ing SAH by using a homemade six-channel electrometer-amplifier. Amplifier
outputs were transferred to a personal computer and, after analog-to-digital
conversion, were evaluated with the aid of a commercially available technical
graphing software package.

After 90 minutes of recording, the electrodes were removed and the animal was
transferred to the MR imaging magnet.
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Figure 2. Typical DC potential recording showing ID on all six electrodes. Electrodes 4 through 6
(E4–E6) are ipsilateral (left sided).



Magnetic Resonance Imaging Experiments
During the MR imaging protocol, anesthesia and maintenance of physiological

parameters were achieved in the same fashion as that described earlier. The MR
imaging measurements were obtained approximately 2.5 ± 0.5 hours after SAH
induction by using a 4.7-tesla nuclear MR spectrometer equipped with a gradient
insert of up to 220 mT/m. Each animal's head was fixed in a stereotactic holder.
A Helmholtz volume coil (85 mm diameter) was used for signal excitation,
whereas an inductively coupled 20-mm-diameter surface coil was used for signal
acquisition.

Multislice coronal spin-echo DW images were acquired with a single-shot, trace
ADC sequence (128 ± 64 data matrix, TR 2500 msec, TE 100 msec, and five b
values  1781 seconds/mm).8 Nine contiguous 1.5-mm slices located between the
cerebellar sulci and olfactory bulb were imaged. Calculation of quantitative brain
maps of the ADC was performed by monoexponential fitting.

Postmortem Examination
Following the MR imaging study, the animals were killed by administration

of 5% halothane and their brains were exposed and inspected for hemorrhage.
The amount of blood was examined for each hemisphere separately, using scores
ranging from 0 to 3; the total blood score thus could range from 0 (no SAH) to
6 (massive bilateral bleeding).

Statistical Analysis
We measured the duration of depolarizations on a personal computer by

using technical graphing software. As a starting point, the beginning of the
enduring depression of the DC potential baseline was taken. This time point
coincided with the disappearance of the electroencephalographic signal, which
was visible as a high-frequency modulation superimposed on the DC potential
reading. Repolarization was assumed to be complete when the electroencephalo-
graphic signal appeared again and the DC potential had returned as a horizontal
line. Due to a slow electrical drift in the measured signal, this did not necessarily
occur at the same millivolt level as the pre-SAH baseline recording. The dura-
tions of depolarizations of the six electrodes were averaged to obtain the mean
depolarization time per animal. The mean depolarization time was used to relate
the electrophysiological results to the MR imaging data and to test the hypothesis
that Mg2+ reduces the severity of the IDs. The amplitude of the DC potential
deflection associated with ID was not taken into account, because this parameter
varied strongly between experiments. The CSDs were defined as depolarizations
with a spreading velocity of approximately 3 mm/minute and a duration of
approximately 1 to 2 minutes.
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We analyzed parametric ADC images by using an image-analysis software pack-
age. The area of the acute ischemic lesion was calculated from the ADC maps by
thresholding, using mean ADC values of sham-operated animals (0.76 ± 0.08
10-3 mm2/second).11, 34 An ADC value was considered pathological if it was
two SDs below the mean ADC level of brain-tissue H2O in sham-operated ani-
mals. We determined total lesion volume as well as lesion volume in the ipsilat-
eral (left) and contralateral (right) hemispheres.

We used the independent-samples t-test to compare means for the control SAH
group and the Mg2+-treated group. Data are presented as means  SDs. Linear
regression analysis was used to correlate lesion volumes with electrophysiological
data. Data are presented as correlation coefficients with significance levels; proba-
bility values lower than 0.05 were considered significant.

Sources of Supplies and Equipment
Bison Kit Powerglue, purchased from Bison International (Goes, The

Netherlands) was used to anchor the electrodes. The Ag/AgCl electrodes were
manufactured by Harvard Apparatus, Inc. (South Natick, MA). Redux electrode
cream was obtained from Hewlett-Packard Co. (Palo Alto, CA). The technical
graphing software used to evaluate DC potential recordings was KaleidaGraph
version 3.0.9, which was developed by Synergy Software (Reading, PA). The
nuclear MR spectrometer and the ImageBrowser image-analysis software package
were acquired from Varian (Palo Alto, CA).

Results   

General Results
Fifty-two rats underwent surgery. In three animals we failed to achieve SAH.

One animal in the control SAH group had an inexplicably high serum Mg2+ level
(5.38 mmol/L) before SAH was induced, and was excluded from further analy-
sis. Two animals died of major bleeding from the femoral artery or the CA. Nine
animals (four pretreated with Mg2+) died before we were able to complete the
MR imaging measurements. Data analysis was confined to the 37 animals in
which we completed electrophysiological and MR imaging measurements, among
which there were four sham-operated animals.

Serum Mg2+ Levels
The mean pretreatment serum Mg2+ level in all animals was 0.91 mmol/L.

There was no difference in the pretreatment serum level of Mg2+ between the
two groups. Ninety minutes after SAH induction, the Mg2+ level in the control
SAH group was 0.88 mmol/L and the level in the treatment group was 1.29
mmol/L, which was 47% higher (p = 0.001).
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Direct Current Potentials
Within 10 to 20 seconds after SAH induction, all electrodes simultaneously

demonstrated a small decline in the DC potential, which recovered in 20 to 30
seconds in all cases. In all animals this was followed by depolarization within 1
minute after SAH induction, as indicated by the massive decline in the DC
potential.

Except for one animal, in which the electrodes in the contralateral parietal and
occipital regions did not show a depolarization, all electrodes were involved in
depolarization in all animals. A typical example of a DC potential recording is
shown in Fig. 2. In 19 (58%) of the 33 animals with SAH the decline in the DC
potential was first seen at the ipsilateral parietal electrode, but in 12 animals
(36%) it was observed at several electrodes simultaneously. In 17 animals (52%)
depolarization started ipsilaterally, in nine animals (27%) contralaterally, and in
seven animals (21%) in both hemispheres at the same time. The mean time until
all electrodes were depolarized was 110 seconds, ranging from 0 to 666 seconds,
and was similar for the control SAH group (111 seconds) and the Mg2+-treated
group (120 seconds).

In 26 (79%) of 33 animals repolarization of the DC potential occurred at all
electrodes during the 90-minute observation period. We found a CSD-like depo-
larization, spreading 3 mm/minute from one electrode to the others in only two
animals, both of which belonged to the control SAH group. In both instances,
however, this occurred after repolarization of the ID.
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Figure 3. Apparent diffusion coefficient maps from DW MR images obtained in three different
animals demonstrating ADC reductions in the cortex of both hemispheres (upper), in the ipsilateral
cortex (center; most common), and in cortical plus hippocampal areas (lower).



Magnesium treatment led to a reduction in depolarization time for all electrodes.
The mean depolarization time for both hemispheres was 31 minutes (range 1-89
minutes) in the treatment group and 41 minutes (range 5-89 minutes) in the
control SAH group (difference 10 minutes [25%], p = 0.31). In the ipsilateral
hemisphere, the mean depolarization time was 35 minutes (range 1-90 minutes)
in the Mg2+-treated group compared with 45 minutes (range 7-90) minutes in
the SAH control group (difference 10 minutes, p = 0.4). In the contralateral
hemisphere, the mean depolarization time was 27 minutes (range 1-89 minutes)
compared with 37 minutes (range 3-89 minutes) in the SAH control group (dif-
ference 10 minutes, p = 0.2).

Lesion Volumes on DW MR Images
Following the DC potential recordings, DW MR imaging was performed 2.5 ±

0.5 hours after SAH induction to measure the volume of tissue at risk for irre-
versible injury. Typical examples of ADC data are displayed in Fig. 3. The water
ADC maps often showed hypointensities at multiple variable locations, but pre-
dominantly in the ipsilateral cortex. All animals subjected to SAH were found to
harbor lesions in both hemispheres. In 10 animals (30%) lesion volume was
even larger on the contralateral side than on the ipsilateral side. In circumscribed
lesions the mean ADC value (0.54 ± 10-3 mm2/second) was comparable with
that of reported values in infarction areas after MCA occlusion (0.49 ± 10-3
mm2/second).11 As expected, sham-operated animals did not display any ADC
abnormalities.

The mean ( SD) total lesion volume in the saline-treated control animals was
0.32 ± 0.42 ml and the mean volume in Mg2+-treated animals was 0.11 ± 0.06
ml, a reduction of 66% (p = 0.045, 95% confidence interval 0.005-0.4) [Fig. 4].

Chapter 5

64

0.50

0.40

0.30

0.20

0.10

To
ta

l l
es

io
n 

vo
lu

m
e 

(c
c)

controls magnesium-
treated

Figure 4. Bar graph demonstrating that lesion volume, as deduced from DW MR images, is reduced
in the Mg -treated group. Error bar represents confidence interval for mean.



In the ipsilateral hemisphere the reduction was 67% (from 0.18 ± 0.22 ml in the
SAH control group to 0.06 ± 0.04 ml in the treatment group; p = 0.037, 95%
confidence interval 0.008-0.2), and in the contralateral hemisphere the reduction
was 64% (0.14-0.05 ml, p = 0.068).

Correlation Between Depolarization Time and Lesion Volume on DW MR
Images
The Pearson correlation coefficient between depolarization time and lesion vol-
ume was 0.39 (p = 0.025) [Fig. 5]. When one considers only the ipsilateral side,
the correlation coefficient increased to 0.46 (p = 0.007).

Postmortem Findings
There was no evidence of SAH in any sham-operated animal. In all other ani-
mals, however, extensive SAH was identified, with blood distributed around the
circle of Willis and a thin layer overlying the cortex and around the brainstem
[Fig. 6]. The amount of subarachnoid blood was equal in the two groups in
which SAH was induced.
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Discussion   

Our data demonstrate that prolonged depolarizations occur immediately after
SAH and that the duration of these depolarizations is related to the extent of
ischemic lesions observed on MR images. Moreover, we found that pretreatment
with Mg2+ reduces the extent of the ischemic lesions.

Direct current potential deflections can be divided into two types: CSDs, which
are inherently transient in nature and have a very characteristic migration pat-
tern, and IDs, which, depending on regional perfusion status, may be transient or
permanent.29 The spreading velocity, duration, and pattern of depolarizations in
our study are typical of IDs. Cortical spreading depressions were rarely detected
in our study and, therefore, seem to be of minor importance for the develop-
ment of ischemic lesions during the acute phase following SAH. Two other stud-
ies in which DC potential recording was used after acute SAH detected
depolarization and transient depression in electrocortical activity, but the method
used to imitate an SAH was direct application of blood or artificial cerebrospinal
fluid containing the hemolysis products K+ and hemoglobin on the cerebral cor-
tex.12, 22 Using the same endovascular filament method to induce SAH as we did,
Beaulieu and associates1 detected CSD in an indirect manner, namely by the
occurrence of transient ADC reductions in the ultraacute phase following SAH.
Nevertheless, ADC changes can occur before membrane depolarization and thus it
is not certain that these transient reductions are actually CSDs.23

The absence of CSDs after SAH may be explained by the extent of hypoxia. The
ischemic lesions that occur after SAH are the result of a global hypoxia, in con-
trast with the regional area of hypoperfusion with penumbra seen in models of
MCA occlusion, from which these CSDs are considered to originate. The global
ischemia and absence of a zone of marginally perfused tissue probably preclude
the occurrence of CSDs in the acute phase following SAH. The IDs that we
observed demonstrate that the intensity of the ischemia is sufficient to induce
CSDs. The appearance of depolarizations in both hemispheres indicates that the
impact of SAH from a ruptured artery affects the whole brain and not only the
region of the ruptured artery. This is also supported by our finding that the
lesion volume on the contralateral side was almost identical to that on the side
of the ruptured artery.

Cerebral arteries have been shown to respond to SAH with a biphasic constric-
tion pattern. An acute constriction begins within minutes after the bleeding,
whereas delayed vasospasm develops 48 hours later.9 Although the significance of
delayed vasospasm for ischemic brain damage after SAH is recognized, the con-
tribution of acute vasoconstriction is less clear.36, 37 The CBF decreases rapidly
and ischemic injury occurs after SAH in both experimental and clinical studies.

Chapter 5

66



Bederson and colleagues3 described a pattern in which CBF reduced to 16.5% of
baseline within 5 minutes and remained reduced to 44% 60 minutes after exper-
imental SAH. This reduction in CBF is initially due to raised ICP, but later is
accompanied and followed by acute vasoconstriction of large cerebral arteries.
The duration of the ID we found is in line with the aforementioned pattern of
CBF changes, which recovered to values above the ischemic threshold within 60
minutes.27

Magnesium treatment led to a reduction in lesion volume, although its effect on
the duration of the depolarizations was not statistically significant. This might be
caused by the fact that measurements of DC potentials were restricted to 90
minutes after SAH induction. At this time point, persistent depolarization was
found on some electrodes in six animals in the control group and in only one in
the Mg2+-treated group. This difference in the distribution of the two groups can
partly be obviated by the use of a nonparametric (Mann-Whitney) test. When
this test was used, Mg2+ therapy led to a reduction in the duration of depolariza-
tion time that was nearly significant (p = 0.053).

Depolarization time, as detected by DC potential measurements, was found to
correlate with lesion volumes on DW MR images. Similar observations have been
made in rat models of ischemic stroke, indicating that IDs may play a role in the
pathophysiology of SAH.10

Our data support the concept that acute ischemia-induced reductions in the ADC
primarily reflect cellular swelling (that is, cytotoxic edema), because the depolar-
ization-induced ion shifts are accompanied by intracellular H2O accumulation.15,

21, 28, 41

Magnesium is readily available and inexpensive, and has a well-established clini-
cal profile in obstetric and cardiovascular practice. It is a promising agent for
suppressing cell membrane depolarization during ischemia, and it passes the
blood-brain barrier.13 Neuroprotective mechanisms of Mg2+ include inhibition
of the release of excitatory amino acids and blockade of the NMDA-glutamate
receptor.33 The excitatory amino acid glutamate is released in excess during
brain ischemia and is a reliable predictor of outcome in experimental SAH.3 The
NMDA receptors are activated by glutamate and other excitatory amino acids,
after the voltage-dependent removal of channel-blocking Mg2+. The influx of Ca
ions via the NMDA receptor is an important mechanism in the pathogenesis of
ischemic cerebral injury.7 Magnesium delays anoxic depolarization, in contrast to
the potent NMDA-receptor antagonist MK-801.38 This implies that Mg2+ does
not exert its anoxic depolarization-postponing effect through NMDA receptor
blocking alone. Magnesium is also a noncompetitive antagonist of voltage-
dependent Ca++ channels, displays cerebrovascular dilatory activity,31 can reverse 67



delayed cerebral vasospasm after experimental SAH in rats,32 and is an important
cofactor of cellular adenosine triphosphatases, including the Na+/K+- adenosine
triphosphatase.

Our results on the neuroprotective value of Mg2+ are in agreement with those of
others who reported reduction in infarction volume in rats that were pretreated
with 90 mmol/L MgSO4 before being subjected to 1.5 hours of MCA occlusion.25

In patients with SAH, not only initial ischemia but also secondary ischemia plays
an important role. The pathogenesis of secondary ischemia remains to be eluci-
dated. In our model, which closely resembles aneurysm rupture in humans, the
mortality rate from the initial bleeding was 20%, which is lower than expected.
Because of the relatively low case fatality rate, this model probably can also be
used for long-term survival experiments after SAH to study delayed ischemia
associated with SAH. The aim of the present experiments was to investigate
whether this model is suitable to test the effect of promising neuroprotective
agents by means of both electrophysiological and MR imaging data. The possibil-
ity of detecting an effect is maximum when this medication is given before hem-
orrhage occurs; however, this design is not in accordance with the clinical
situation. The results of this study show that our method of inducing SAH is
valid. To approach the clinical situation, additional studies are needed. These
should include extended observation periods after the SAH and administration of
Mg2+ after induction of SAH.
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Figure 6. Basal view of rat cerebrum after a small SAH.
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Objective
Hypomagnesemia frequently occurs in hospitalized patients, and it is associat-

ed with poor outcome. We assessed the frequency and time distribution of
hypomagnesemia after aneurysmal subarachnoid hemorrhage (SAH) and its rela-
tionship to the severity of SAH, delayed cerebral ischemia (DCI), and outcome
after 3 months.

Methods
Serum magnesium was measured in 107 consecutive patients admitted within

48 hours after SAH. Hypomagnesemia (serum magnesium <0.70 mmol/L) at
admission was related to clinical and initial computed tomographic characteris-
tics by means of the Mann-Whitney U test. Hypomagnesemia at admission and
during the DCI onset period (Days 2-12) was related to the occurrence of DCI
and hypomagnesemia at admission, and hypomagnesemia that occurred any time
during the first 3 weeks after SAH was related to outcome.

Results
Hypomagnesemia at admission was found in 41 patients (38%) and was asso-

ciated with more cisternal (P = 0.006) and ventricular (P = 0.005) blood, a
longer duration of unconsciousness (P = 0.007), and a worse World Federation
of Neurosurgical Societies scale score at admission (P = 0.001). The crude hazard
ratio for DCI with hypomagnesemia at admission was 2.4 (95% confidence inter-
val, 1.0-5.6), and after multivariate adjustment it was 1.9 (95% confidence inter-
val, 0.7-4.7). The hazard ratio of hypomagnesemia from Days 2 to 12 for
patients with DCI was 3.2 (range, 1.1-8.9) after multivariate adjustment. The
crude odds ratio for poor outcome (Glasgow Outcome Scale score, 1-3) with
hypomagnesemia at admission was 2.5 (range, 1.1-5.5). Hypomagnesemia at
admission did not contribute to the prediction of outcome in the multivariate
model.

Conclusion
Hypomagnesemia is frequently present after SAH and is associated with 

severity of SAH. Hypomagnesemia occurring between Days 2 and 12 after SAH
predicts DCI.
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Hypomagnesemia can occur in several cardiovascular and neurological emergen-
cies, including cerebral infarction, head trauma, migraine, seizures, and
preeclampsia, and it is associated with increased risk of death 5,16,18,19,21,22,24).
Replacement therapy can alleviate the symptoms and signs associated with hypo-
magnesemia. The aim of this study was to assess the frequency and time distri-
bution of hypomagnesemia in patients with an aneurysmal subarachnoid
hemorrhage (SAH) and the relationship between hypomagnesemia and the sever-
ity of SAH, as reflected by the duration of unconsciousness at time of ictus, the
clinical condition of the patient at admission, and the amount of blood on the
initial brain computed tomographic (CT) scan. We further assessed whether
hypomagnesemia at admission or during the clinical course predicts delayed
cerebral ischemia (DCI) and poor outcome 3 months after the onset of SAH.

Patients and methods

We prospectively studied a consecutive series of 107 patients admitted within
48 hours after aneurysmal SAH to the University Medical Center Utrecht between
March 1997 and December 1998. Patients with nonaneurysmal perimesencephalic
hemorrhage were excluded, as were patients with other nonaneurysmal causes of
SAH (n = 14). The diagnosis of SAH was made by the presence of extravasated
blood in the basal cisterns on a CT scan, or, if the CT scan was negative (n = 1),
by xanthochromic cerebrospinal fluid (CSF).25

Conventional or CT angiography was performed to detect an aneurysm. Nine
patients died before angiography could be performed. We included these patients
in the analysis because the distribution of hemorrhage on the CT scan strongly
suggested an aneurysmal origin.

Serum magnesium was routinely measured at admission and every 2 days up to
21 days after the event, or until discharge if this occurred within the first 3
weeks. Hypomagnesemia was defined as serum magnesium below 0.70 mmol/L.

The clinical condition at admission was assessed by use of the World Federation
of Neurological Surgeons (WFNS) scale, a five-point scale based on the Glasgow
Coma Scale and the presence or absence of focal deficits.28 A dichotomy was
made between good neurological condition (WFNS score I, II, or III) and poor
neurological condition (WFNS score IV or V) at admission.

All patients were under continuous observation for at least 2 weeks of their hos-
pitalization, and they were treated according to a standardized protocol that con-
sisted of absolute bed rest until aneurysm treatment, oral doses of nimodipine,
cessation of antihypertensive medication, and intravenous administration of fluid 73



with the aim of normovolemia. Early treatment of the aneurysm (by Day 4 after
the SAH) was performed in 33 patients who either were in very good condition
at admission (WFNS score I or II) or required acute surgical intervention because
of an early rebleed, presence of a large hematoma, or hydrocephalus necessitating
external drainage. In 32 other patients, treatment of the aneurysm was postponed.
In eight patients, the aneurysm was treated by means of endovascular coiling;
three of these procedures were performed by Day 4 after SAH. Thirty-four
patients died before operation or remained in a condition too poor to undergo an
operation.

The duration of unconsciousness at the time of ictus was dichotomized at 1 hour,
because we recently found that a duration of unconsciousness longer than 1 hour
is a strong predictor for occurrence of DCI.11 Five patients were excluded from
this part of the analysis because the duration of unconsciousness could not be
determined; these patients had been alone at the time of the hemorrhage and
were found in a confused state.

We assessed the amount of cisternal and ventricular blood on the initial CT scan
according to the method described by Hijdra et al.10 The sum scores of blood in
the cisterns (range, 0-30) and ventricles (range, 0-12) were dichotomized at their
median value (26 for cisternal blood; 2 for ventricular blood). We quantified the
size of the frontal horns by means of the bicaudate index (BCI). To calculate age-
adjusted relative sizes, the BCIs were divided by the corresponding upper limit
per age group.23 Hydrocephalus was defined as an age-adjusted relative BCI
greater than 1. Rebleeding was defined as a sudden clinical deterioration with evi-
dence of new blood on a CT scan in comparison with a previous scan.

The predefined outcomes were the occurrence of DCI and poor outcome (death
or dependence) as assessed by means of the Glasgow Outcome Scale score after 3
months.12 DCI was defined as the occurrence of a new hypodense lesion compati-
ble with clinical features of DCI (such as a gradually developed focal deficit) as
revealed by a CT scan and/or impairment of consciousness in patients for whom
no explanation other than DCI could be given for the clinical course. Clinical fea-
tures without hypodensities revealed by a CT scan were scored as probable DCI.
In all analyses, definitive and probable DCI were combined.

Data Analysis
The relationship between serum magnesium at admission and the other base-

line characteristics, i.e., clinical state at admission, BCI, and the amount of blood
on the initial CT scan, was assessed with the nonparametric Mann-Whitney U
test. The relationship between serum magnesium at admission and duration of
unconsciousness was assessed with Fisher's exact test. A P value of <0.05 was con-
sidered statistically significant.
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We related the occurrence of DCI to baseline characteristics, hypomagnesemia at
admission, and hypomagnesemia during the DCI onset period (Days 2-12 after
SAH) by means of the Cox proportional hazards model, which yields a crude
hazard ratio (HR). In subsequent multivariate analyses, we assessed the extent to
which adjusted HRs differed from the crude HR. HRs may be interpreted as rela-
tive risks.7 ; these were considered statistically significant if the 95% confidence
interval (CI) did not include 1.

We related poor outcome after 3 months to baseline characteristics, hypomagne-
semia at admission, and hypomagnesemia between Days 2 and 12 and during the
first 3 weeks after SAH by means of the logistic regression model, yielding crude
odds ratios. In a subsequent multivariate analysis, we determined the characteris-
tics that independently predicted outcome by means of stepwise forward selec-
tion. We evaluated the prognostic value on the basis of the area under the curve
of the corresponding receiver operator characteristic curve.

Results

Patient and Baseline Characteristics
Sixty-six (62%) of the 107 patients were women, and 54 (51%) were older

than 55 years of age. Forty-five (42%) had a poor clinical condition (WFNS
score IV or V) at admission, and 39 (38%) of the 102 patients with a known
duration of unconsciousness had lost consciousness for more than 1 hour.

Fifty-four patients (51%) had a large amount of cisternal blood as revealed by
an initial CT scan (above the median of 26), and 43 (40%) had a large amount
of ventricular blood (above the median of 2) as revealed by an initial CT scan.
Thirty-one patients (29%) had hydrocephalus (relative BCI >1), as revealed by
an initial CT scan.

Frequency of Hypomagnesemia
Forty-one (38%) of the 107 patients had hypomagnesemia at admission to

the hospital. In the subset of 37 patients admitted within 12 hours after SAH,
54% had hypomagnesemia at admission [Fig. 1]. Fifty-five percent of patients
had hypomagnesemia at some time within 3 weeks after SAH. Nineteen (21%) of
the 89 patients with known serum magnesium between Days 2 and 12 had
hypomagnesemia, and 7 of these patients (37%) developed DCI. Of the remain-
ing 70 patients with normomagnesemia during the DCI onset period, 13 (19%)
developed DCI. 
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Outcome Events
Twenty-one patients (20%) developed DCI, with a median onset at Day 8

(range, Days 2-12) after the hemorrhage. Nineteen patients (18%) had rebleed-
ing, also with a median onset at Day 8 (range, Days 0-29). Three patients had
both rebleeding and DCI; in one patient, the rebleeding preceded the onset of
DCI. Thirty-five patients died, including 17 patients (16%) who died within the
first 2 days after admission, thus before the first event of DCI. Twenty of those
35 patients had hypomagnesemia at admission. Fifty-six patients (52%) had poor
outcomes 3 months after the hemorrhage; 27 of these patients had hypomagne-
semia at admission.

Data Analysis
Table 1 lists the relationship between the baseline characteristics and the

presence of hypomagnesemia at admission. In patients with hypomagnesemia,
the clinical condition at admission was worse (P = 0.001), and the amounts of
cisternal (P = 0.006) and ventricular blood (P = 0.005) were greater than in
patients with normal magnesium levels. Patients who had lost consciousness for
more than 1 hour had lower magnesium levels at admission than those with no
loss or shorter loss of consciousness (P = 0.007). There was no relationship
between magnesium level and BCI (P = 0.7). 

Figure 2 shows the Kaplan-Meier curves for the occurrence of DCI according to
the presence of hypomagnesemia at admission. Table 2 lists the relationship of
hypomagnesemia at admission, and between Days 2 and 12, with the occurrence
of DCI. The crude HR associated with hypomagnesemia at admission was 2.4
(95% CI, 1.0-5.6). The hazard ratio decreased to 1.9 after multivariate adjust-
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that patient.



ment with other baseline characteristics (95% CI, 0.7-4.7). The crude HR associ-
ated with hypomagnesemia between Days 2 and 12 was 2.2 (95% CI, 0.9-5.5).
The HR increased to 3.2 after multivariate adjustment (95% CI, 1.1-8.9). 

Table 3 lists the univariate relationships of baseline characteristics with poor
outcome. Hypomagnesemia at admission had a crude odds ratio of 2.5 (95% CI,
1.1-5.5). However, low magnesium levels no longer contributed to the predic-
tion of outcome in the multivariate model based on duration of unconsciousness,
sex, rebleeding, and clinical condition at admission. This predictive model had an
area under the curve of 0.87 (95% CI, 0.81-0.94) as its receiver operator charac-
teristic curve. Extension of this model with hypomagnesemia yielded virtually
the same area under the curve: 0.88 (95% CI, 0.81-0.94). Hypomagnesemia
between Days 2 and 12 or within 3 weeks after SAH did not contribute to the
prediction of outcome. 

Discussion

Our study demonstrates that hypomagnesemia occurs frequently after
aneurysmal SAH and that it is related to the impact of the bleeding, reflected by
the duration of unconsciousness at the time of ictus, clinical state at admission,
and the amount of blood on the initial CT scan.

The proportion of patients with initial hypomagnesemia may have been underes-
timated. We found a higher proportion of hypomagnesemia in patients with
magnesium samples obtained within 12 hours after onset than in patients with
samples obtained beyond 12 hours after onset of SAH. This indicates that the
serum magnesium level can normalize within the initial hours after SAH and
that hypomagnesemia already had disappeared in some patients whose samples
were obtained later than 12 hours after onset.

Hypomagnesemia after SAH is a predictor for the occurrence of DCI. Patients
with baseline hypomagnesemia had DCI more than twice as often as those with
normomagnesemia; however, this difference diminished after other baseline
characteristics were taken into account. Hypomagnesemia during the period that
DCI usually occurs is an independent prognostic factor for the development of
DCI.

Apart from magnesium levels, other factors in our series that were associated
with the risk of DCI were female sex, duration of unconsciousness longer than 1
hour, poor clinical condition at admission, and a large amount of cisternal blood
revealed by a CT scan. Of these other factors, duration of unconsciousness longer
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than 1 hour was the strongest predictor for DCI, which is in accordance with
previous findings,11 although in the present study, none of the risk factors were
independent predictors for DCI.

Except for hypomagnesemia at admission, male sex, duration of unconsciousness
longer than 1 hour, poor WFNS score, and a large amount of ventricular blood,
but not cisternal amount of blood, were significant univariate prognostic factors
for poor outcome at 3 months. In multivariate analyses, hypomagnesemia no
longer contributed to prognosis, because of the relationship between hypomag-
nesemia and other baseline characteristics that are related to outcome themselves.
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Table 1. Relationship of serum magnesium at admission to baseline
characteristics a

Hypomagnesemia Normomagnesemia P value
(n  41) (n  66)

Cisternal bloodb 28 (23.5–30) 25 (19 –27.5) 0.006
Ventricular bloodb 2 (1.5–6.5) 1 (0–4) 0.005
Relative bicaudate index b 0.18 (0.1–0.21) 0.17 (0.15–0.21) 0.7
WFNS scoreb 4 (2–5) 2 (1–4) 0.001
Duration of unconsciousness  > 1 hc 22 (55%) 17 (27%) 0.007

a WFNS, World Federation of Neurosurgical Societies.
b Median (Q1–Q3).
c Unknown for five patients; Fisher’s exact test.
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In our study, women had lower serum magnesium levels at admission. Earlier
reports also found that women who had strokes, especially after SAH, had lower
serum-ionized magnesium. This sex difference might be explained by differences
in sex corticosteroid hormones.2,17

The reason that hypomagnesemia occurs after SAH remains unclear. Renal excre-
tion of magnesium is an unlikely cause, because hypomagnesemia occurs within
hours after the hemorrhage. To exclude increased renal excretion definitively,
urinary samples should be studied.

There are conflicting reports of ionized and total magnesium levels in serum and
brain after SAH and other cerebrovascular diseases. In a previous study, serum
and CSF concentrations of magnesium in 14 patients at Days 3, 6, and 9 after
SAH were not significantly different as compared with concentrations in con-
trols.27 Approximately 81% of patients arriving in the emergency room soon
after brain infarction had low serum Mg2+ levels, although neither serum total
magnesium levels nor other electrolytes were altered significantly.3 However, in
a trial of magnesium sulfate after acute stroke, a low mean baseline magnesium
concentration of 0.76 mmol/L was found.16 Using phosphorus-31 magnetic res-
onance spectroscopy (31P-MRS) in 45 acute stroke patients, Helpern et al.9

found an intracellular free magnesium elevation of approximately 45% as com- 79

Table 2. Relationship of hypomagnesemia to the occurrence of delayed
cerebral ischemiaa

Hazard ratio
(95% CI)

Hypomagnesemia at admission
Crude 2.4 (1.0 –5.6)

Adjusted for single variables
Male sex 2.3 (1.0 –5.5)
Age 55 yr 2.4 (1.0 –5.7)
Unconsciousness > 1 h 1.8 (0.7–4.4)
WFNS score > IV–V 2.3 (1.0 –5.4)
Cisternal blood sum score > 26 2.2 (0.9 –5.3)
Ventricular blood sum score > 2 2.4 (1.0 –5.6)
Relative bicaudate index > 1 2.5 (1.0 –5.8)
Rebleed 2.4 (1.0 –5.6)
Smoking 2.5 (1.0 –5.9)
Multivariate adjustmentb 1.9 (0.7–4.7)

Hypomagnesemia during Days 2–12
Crude 2.2 (0.9 –5.5)
Multivariate adjustmentb 3.2 (1.1–8.9)

a CI, confidence interval; WFNS, World Federation of Neurosurgical Societies.
b Adjusted for sex, duration of unconsciousness, WFNS score, cisternal blood, bicaudate index, and smoking.



pared with levels in control subjects. The change persisted for 3 days after stroke
and returned to control values thereafter, and it was temporally linked to the
acidotic phase of human stroke as well as the breakdown of energy metabolism.
This suggests that adenosine triphosphate (ATP)-bound magnesium was released
when ischemia prevented ATP synthesis. Other studies suggest that the increase
in intracellular free magnesium was accounted for not only by depletion of ATP,
but also by entry of extracellular magnesium into ischemic neurons. This may
represent an endogenous neuroprotective response. 31P-MRS performed several
days after SAH revealed a reduction in intracellular pH in focal areas of the brain
in 5 of 10 patients.4 Consciousness was impaired in four of these patients.
Resolution of the acidosis paralleled clinical improvement. Areas of acidosis may
reflect ischemia, which is potentially reversible. To our knowledge, no 31P-MRS
study has been performed to analyze the first 48 hours after SAH.

In summary, after acute stroke and SAH, there seems to be an acidosis-associated
increase in intracellular brain Mg2+ with a decrease in serum Mg2+ and total
serum magnesium, although the latter is not confirmed by all studies mentioned
above. Hypomagnesemia may be associated with DCI because cerebral blood ves-
sels are highly sensitive to deficits in Mg2+. Rapid lowering of CSF Mg2+ in the
intact living rat brain induced vasospasm of cerebral arteries, arterioles, and
venules in a concentration-dependent manner.1

Magnesium acts as a neuroprotective agent through dilation of cerebrovascular
arteries, blocking of the glutamate-N-methyl-d-aspartate receptor.13 and the
voltage-dependent calcium channels, inhibition of glutamate release.20 enhanced
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Table 3. Poor outcome after 3 months in relation to selected baseline
characteristics: univariate and multivariate logistic regression
analysisa

Variable Univariate analysis: Multivariate analysis:
odds ratio (95% CI) odds ratio (95% CI)

Hypomagnesemia 2.5 (1.1–5.5)
Male sex 2.5 (1.1–5.5) 3.6 (1.2–10.8)
Age 55 yr 1.2 (0.6 –2.8)
Unconsciousness > 1 h 20.2 (6.3–65.0) 10.3 (2.2–48)
WFNS score IV–V 13.2 (5.0 –35.2) 4.5 (1.1–18.6)
Cisternal blood sum score > 26 1.8 (0.8 –3.7)
Ventricular blood sum score > 2 2.4 (1.1–5.3)
Relative bicaudate index > 1 1.8 (0.9 –4.8)
Rebleed 2.3 (0.8 –6.5) 4.4 (1.1–17.0)
Smoking 0.4 (0.2–0.9)
Delayed cerebral ischemia 1.6 (0.6 –4.3)

a CI, confidence interval; WFNS, World Federation of Neurosurgical Societies.



buffering of intracellular calcium ions, and attenuation of ATP. Hypomagnesemia
may increase neuronal damage after SAH through the opposite effects: vasocon-
striction, calcium influx, and lack of energy stores.

Increased extracellular magnesium concentrations enhanced the recovery of neu-
ronal high-energy phosphates.14 Prophylactic treatment with MgSO4 in experi-
mental head injury prevented the posttraumatic decrease in intracellular free
Mg2+ and resulted in a significant improvement in acute neurological outcome.26

Magnesium sulfate is used for the prevention and treatment of eclampsia.6 and
trends favoring magnesium treatment have been observed for cerebral
infarction.15

Magnesium sulfate given intravenously leads to a significant increase in CSF mag-
nesium concentration.8 Because hypomagnesemia occurring between Days 2 and
12 after SAH is a strong predictor for DCI, administration of magnesium may be
a worthwhile strategy in patients with aneurysmal SAH. It may decrease the risks
of DCI.
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Comments

The authors have evaluated serum Mg2+ levels in patients with aneurysmal
subarachnoid hemorrhage (SAH) and have related these levels to outcome as well
as a number of other indicators of hemorrhage severity, including admission
grade, amount of cisternal blood, and length of unconsciousness. They found a
correlation between the markers of severity of bleed with low serum Mg2+. The
patients with low Mg2+ were more likely to have delayed cerebral ischemia and
poor outcome. They point out the relationship of improving the outcome of
experimental head injury with Mg2+ treatment and the use of Mg2+ in eclampsia.
They suggest treating patients with SAH with Mg2+.

This is a straightforward correlation study. The real question is whether the
Mg2+ levels are really independent predictors of poor outcome and ischemia.
That is, are the low Mg2+ levels the cause of the outcomes, or are they reflec-
tions of the same processes responsible for the outcomes? The odds ratios tend to
suggest that they might be causative. The authors provide theoretical considera-
tions regarding the possible mechanisms of action of Mg2+.

These interesting observations might have significant clinical impact. The jump
to performing a human trial seems premature in the face of the lack of animal-
based evidence that SAH-induced ischemia can be ameliorated by Mg2+ adminis-
tration.

Charles J. Hodge, Jr.
Syracuse, New York

This excellent report describes a carefully performed, prospective study of serum
Mg2+ levels in patients with aneurysmal SAH. Hypomagnesemia at admission
occurred in more than one-third of the patients and within 3 weeks in more
than half of the cases. Hypomagnesemia at admission correlated with several
indices of severity of SAH, including the amount of cisternal and ventricular
blood and the patient's neurological condition. It doubled the risk of subsequent
symptomatic vasospasm, although the hazard ratio was weaker after multivariate
adjustment. In fact, hypomagnesemia at admission did not independently predict 83



a poor outcome in a multivariate model. Hypomagnesemia during Days 2
through 12 after SAH, however, was strongly associated with symptomatic
vasospasm and poor outcome.

The authors provide a comprehensive review of the potential role of Mg2+ in the
pathophysiology of brain injury. They provide experimental evidence of vascular
susceptibility to spasm in the setting of hypomagnesemia. In the absence of
appropriate controls, however, it is impossible to determine whether hypomag-
nesemia is specific to aneurysmal SAH or otherwise represents an index of brain
injury. Similarly, it is not clear whether vigorous detection and correction of
hypomagnesemia would alter neurological outcome. Specific stud- ies should be
designed to evaluate this potential therapeutic aim. The authors have performed
a carefully conducted study that has yielded original information that may prove
seminal to the understanding of the pathophysiology of this disease. Clinicians
who are involved in neurocritical care management of patients with SAH should
keep a close eye on Mg2+ levels, and all neurosurgeons should learn more about
the biology and metabolism of this potentially important ionic marker in this
illness.

Issam A. Awad
Denver, Colorado
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Abstract 

Background and Purpose
ECG abnormalities and hypomagnesemia frequently occur after aneurysmal

subarachnoid hemorrhage (SAH). Because hypomagnesemia is associated with
several ECG abnormalities, we studied whether hypomagnesemia mediates ECG
abnormalities after SAH. 

Methods
We prospectively studied a consecutive series of 62 patients admitted within

72 hours after aneurysmal SAH. A standard 12-lead ECG and serum magnesium
measurement were routinely performed at admission. The relationship between
serum magnesium and ECG abnormalities was assessed with linear regression
analysis and the Mann-Whitney test in case of dichotomized ECG abnormalities. 

Results
Hypomagnesemia was present in 23 patients (37%), and 38 patients (61%)

had a long QTc duration. Low serum magnesium was related to a long PR inter-
val (P=0.001) and a shorter QTc interval (P=0.004). Adjustment for World
Federation of Neurological Surgeons score, hydrocephalus, and the amount of
cisternal and ventricular blood did not influence these relations. 

Conclusions
In patients with SAH, lower serum magnesium levels are related to less pro-

nounced increase in the QTc interval. Although the direction of the relation was
unexpected, decreased serum magnesium might be the missing link between SAH
and ECG abnormalities. 
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Introduction 

ECG abnormalities frequently occur after aneurysmal subarachnoid hemor-
rhage (SAH). Changes in ST segment (15% to 51% of patients), T waves (12% to
92%), prominent U waves (4% to 47%), QT prolongation (11% to 66%), and
sinus dysrhythmias are the most common.1-3 ECG abnormalities usually disap-
pear within a day with no any change in the neurological or cardiac condi-
tion.4–7 They are considered markers of the severity of the SAH but not
predictors for potentially serious cardiac complications or clinical outcome.1,8,9

The pathophysiology of these ECG abnormalities is unsettled; one explanation is
sustained sympathetic stimulation that results in structural damage to the
myocardium.10-12 This sympathetic stimulation may in turn be mediated
through an arrhythmogenic center in the insular cortex.3,13 

We recently found that more than one third of patients with SAH have hypo-
magnesemia at admission and that hypomagnesemia is related to the extent of
the hemorrhage.14 Magnesium depletion in general is associated with changes in
the ECG. Widening of the QRS complex and peaking of T waves have been
described with modest magnesium loss, whereas more severe magnesium deple-
tion can lead to prolongation of the PR and QT intervals, progressive widening
of the QRS complex, and diminution of the T wave.15

The aim of this study is to investigate the relation between serum magnesium
depletion after SAH and the occurrence of ECG abnormalities and dysrhythmias
after SAH. 

Patients and Methods 

We prospectively studied a consecutive series of 62 patients with aneurysmal
SAH admitted within 72 hours to the University Medical Center Utrecht. This
time frame was chosen because the most pronounced ECG changes occur during
the first 72 hours.1 An ECG was routinely done at admission, as was blood sam-
pling, which included measurement of magnesium and potassium. We used only
the first ECG recording data from the initial blood sampling in our analyses.
Hypomagnesemia was defined as serum magnesium <0.70 mmol/L. 
The diagnosis of SAH was based on the presence of extravasated blood in the
basal cisterns. Conventional or CT angiography was performed to detect an
aneurysm. We included patients who had died before (CT) angiography could be
performed only when the pattern of hemorrhage on the CT scan suggested an
aneurysmal origin. 
Clinical condition on admission was assessed by means of the World Federation
of Neurological Surgeons (WFNS) scale, a 5-point scale based on the Glasgow
Coma Scale, and the presence or absence of focal deficits.16 87



We assessed the amount of cisternal (range, 0 to 30) and ventricular (range, 0 to
12) blood on the initial CT scan according to the method described by Hijdra et
al.17 For assessment of hydrocephalus, we quantified the size of the frontal horns
by means of the bicaudate index. To calculate age-adjusted relative sizes, the
bicaudate indexes were divided by the corresponding upper limit per age
group.18 

ECG Analysis
ECGs were analyzed for heart rate, PR- and QTc- (heart rate–corrected QT)19

interval duration, width of the QRS complex, ST-segment depression or eleva-
tion, T-wave abnormalities, U-wave presence, and left ventricular hypertrophy.
ECG abnormalities were defined according to the following established criteria:
sinus bradycardia, sinus rhythm <60 bpm; PR-interval prolongation, duration
>200 ms; QRS widening, QRS duration >100 ms; QTc prolongation, duration
>440 ms; ST-segment depression, horizontal or downsloping ST segment with
(0.05 mV) or without ST-J depression; ST-segment elevation, upward convexity
of the ST segment (0.1 mV) with or without ST-J elevation; T-wave abnormali-
ties, T waves that are of low voltage or are flat or inverted in leads in which
they are normally upright or that are abnormally tall and peaked; prominent U
wave, top >25% of the highest T wave in precordial leads; and left ventricular
hypertrophy, Sv1/v2+Rv5/v6>3.5 mV (voltage criteria only)20; in men,
RVL+SV3>3.5 mV; in men <40 years of age, TV1>0 mV; in men >40 years of
age, TV10.2 mV; in women, TaVL+SV3>2.5 mV (or >1.2 or TV1>0 mV in
women <40 years of age); and in women >40 years of age, TV1>0.2 mV.21,22 

Data Analysis
The relation between serum magnesium and ECG abnormalities was assessed

with linear regression in which ECG abnormalities were taken as the dependent
variable. Regression coefficients (B) have to be interpreted as the amount of
change in the dependent variable for a 1-unit increase in serum magnesium;
corresponding 95% confidence intervals (CIs) were calculated. The QTc interval
normally lengthens with age. Because of a relative shortening of the QTc interval
in men during adolescence, it is longer in adult women than in men.23 For that
reason, analyses for the QTc interval were adjusted for age and sex. The non-
parametric Mann-Whitney test was used in case of dichotomized dependent
variables (U wave, ST segment, T wave, left ventricular hypertrophy, and
ischemia). All analyses were also performed for serum potassium. 
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Results 

Patient characteristics and the occurrence of ECG abnormalities and hypo-
magnesemia are shown in Table 1. Hypomagnesemia was present in 23 patients
(37%), and 38 patients (61%) had a long QTc duration. Malignant ventricular
arrhythmias like torsade de pointes and ventricular fibrillation were not docu-
mented in our study population. 

The relations between serum magnesium and ECG abnormalities are shown in
Table 2. Low serum magnesium was related to a prolongation of the PR interval
(B=-79; 95% CI, -126 to -31) [Figure 1] and a shorter QTc interval (B=150;
95% CI, 50 to 249) [Figure 2]. Adjustment for age and sex did not essentially
influence these relations. There was a marginally significant relation with low
serum magnesium and the presence of U waves (P=0.048), but U waves
occurred in only 2 patients. 

89

Table 1. Patient Characteristics and ECG Abnormalities in 62 SAH Patients 

Characteristics n (%)

Female sex 43 (70)
Poor WFNS 25 (40)
Hydrocephalus 22 (36)
Hypomagnesemia 23 (37)
Bradycardia 15 (24)
Long QTc 38 (61)
Long PR 4 (7)
Short PR 8 (13)
Long QRS 10 (16)
T-wave abnormality 15 (24)
ST-segment abnormality 18 (29)
Prominent U waves 2 (3)
LVH 9 (15)

LVH indicates left ventricular hypertrophy.

Table 2. Relationship Between Serum Magnesium and ECG Characteristics

Characteristics B* 95% CI P†

Heart rate, bpm 5 -50-59
PR interval, ms -79 -126--31
QTc interval, ms 150 50-249
QRS interval, ms 6 -15-27
T-wave abnormality (y/n) 0.85
ST-segment abnormality (y/n) 0.24
Prominent U wave (y/n) 0.048
Left ventricular hypertrophy (y/n) 0.52

* Linear regression coefficient: change in ECG characteristic per 1-mmol increase in magnesium.
† Based on the Mann-Whitney test.



Although hypokalemia at admission occurred in 17 patients (27%), serum potas-
sium was not associated with hypomagnesemia or ECG abnormalities. Adjustment
for potassium did not influence the relation between serum magnesium and ECG
abnormalities. 
Adjustment for clinical condition at admission, hydrocephalus, or the amount of
cisternal and ventricular blood did not influence the relation between serum
magnesium and ECG abnormalities [Table 3]. 
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Figure 2. Relationship between serum magnesium and PR interval.
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Figure 1. Relationship between serum magnesium and QTc interval.



Discussion 

The high frequency of ECG abnormalities in our study population is in line with
the frequency reported in the literature.24 Prolongation of the QTc interval was
the most common abnormality (61%); the mean QTc (460 ms) in our series of
patients was even above the cutoff point at which QTc is considered prolonged
(440 ms). Although a number of studies indicate that patients with SAH are at
high risk for malignant ventricular arrhythmias, particularly if the QTc interval is
prolonged,1,4,5,25 they were not observed in our study. The presence of hypo-
magnesemia after SAH was frequent and similar to the results of our previous
study.14 

QTc Interval
Both hypomagnesemia and a long QTc interval were very frequent after SAH,

but in contrast to our hypothesis, low serum magnesium was related to a less
prolonged QTc interval despite the fact that hypomagnesemia is a well-known
cause for an acquired prolonged QTc interval.26 The explanation for the finding
that low serum magnesium was not related to QTc prolongation perhaps lies in
the cause of the hypomagnesemia. The most plausible explanation for the
decrease in serum magnesium after SAH is cellular influx, which may increase
not only cerebral27 but also cardiac intracellular magnesium.28,29 This might be
an essential difference with the long QT syndrome caused by chronic magnesium
depletion in which the total magnesium storage is depleted. 
The cause of the initial prolongation of the QTc interval after SAH remains
unclear. We will discuss 3 possible mechanisms. First, there is no causal relation
between hypomagnesemia and ECG abnormalities after SAH. SAH causes a
decrease in serum magnesium and ECG abnormalities simultaneously. However,
adjustment for baseline characteristics (ie, WFNS score, amount of blood) for the
relation between serum magnesium and QTc would then have a marked influ-
ence on this relation. Because this is not the case, a causal relation between
serum magnesium and QTc interval is more probable. 
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Table 3. Relationship Between Serum Magnesium and PR and Qtc Intervals
After Multivariate Adjustment for Sex, Age, WFNS Score, and Amount
of Cisternal and Ventricular Blood and Serum Potassium

Characteristics B* 95% CI

PR interval -74 -124 – -25
QTc interval 156 63 – 250

* Linear regression coefficient: change in ECG characteristic per 1-mmol increase in magnesium.



An “unknown factor” might exist, however, that causes both ECG changes and a
decrease in serum magnesium. Adjustment for this unknown factor would then
markedly influence the relation between serum magnesium and ECG changes.
Possible candidates for this are free fatty acids,30 catecholamines, and sympathetic
stimulation.31 The decrease in serum magnesium and thus the increase in intra-
cellular magnesium then have only an attenuating effect. Another candidate for
this unknown factor is coronary vasospasm.32 This does not rule out a mediating
role of magnesium because decreasing the serum magnesium causes vasospasm.33

Another possibility is that there is a U-shaped relation between serum magne-
sium and QTc interval. Both hypermagnesemia and hypomagnesemia result in
prolongation of the interval, as is often the case in electrolyte disturbances.
Although the data for hypermagnesemia are lacking in this study, we do not find
support for this theory because the QTc interval is especially prolonged in the
normal serum magnesium range and normal in the hypomagnesemia range. 
The third possibility is that there is a delay in the shift of magnesium from
extracellular to intracellular. The initial decline in serum magnesium yields the
ECG changes, later corrected by the intracellular rise in magnesium levels. That
could explain why there is an initial prolongation of the QTc interval after SAH
that is relatively less pronounced in the presence of hypomagnesemia and thus
intracellular hypermagnesemia. 
From the results of this study, we think that the third option is a plausible
explanation. To clarify this relation between extracellular and intracellular mag-
nesium and ECG abnormalities, we have to look at the biochemical background.
The QT interval represents the total duration of the depolarization and repolar-
ization phases of the myocardium. The QT interval can be prolonged by a slower
inactivation of inward depolarizing sodium currents, enhancing inward calcium
currents, or by slower outward repolarizing potassium currents.34,35 Magnesium
regulates several cardiac ion channels, including the calcium channel and out-
ward potassium currents, through the delayed rectifier.36 Lowering the cytosolic
magnesium concentration by magnesium depletion will markedly increase these
outward currents, shortening the action potential and increasing susceptibility to
dysrhythmias. 
Intravenous magnesium is regarded as the treatment of choice for immediate
treatment of torsade de pointes associated with the long QT syndrome, regardless
of the serum magnesium level.37 How magnesium prevents the recurrence of
torsade de pointes is not clear, but its effect may be mediated by blocking of
sodium or calcium currents.38 Magnesium therapy does not affect the duration of
the QTc interval, but it results in a stronger correlation between QT and RR
intervals and stabilizes cardiac repolarization.39

The sarcolemmal calcium, potassium, and chloride currents are significantly
modulated by magnesium, and a reduction in intracellular free magnesium con-
tributes to a prolonged repolarization.40,41 Increased cytosolic magnesium short-
ens the action potential,40 probably because of a doubling of peak calcium
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currents.36 Because intracellular magnesium is increased after SAH as a result of
the influx from serum magnesium, this may extend the action potential and
explain the relation found in our study between a decrease in serum magnesium
and thus an increase in cytosolic magnesium and diminished prolongation of the
QTc interval. 

PR Interval
Although the presence of a prolonged PR interval was not frequent in our

study, we found a strong relation between decreased serum magnesium and pro-
longation of the PR interval. Prolongation of the PR interval is one of the known
clinical manifestations of hypomagnesemia,15 but it has also been described with
the existence of hypermagnesemia. Moreover, there is convincing evidence that
magnesium infusion is slowing conduction through the atrioventricular node and
thus prolongs the PR interval.42-46

The relation between low serum magnesium and prolongation of the PR interval
might be caused by the same mechanism as the relation between low serum
magnesium and QTc prolongation: Decreased serum magnesium levels after SAH
are followed by increased cytosolic magnesium and consequent prolongation of
the PR interval. 

QRS Complex
The duration of the QRS complex in our study population was longer than

could be expected in a normal population. Widening of the QRS complex has
been described with even modest magnesium loss15 but also with hypermagne-
semia. The effect of magnesium therapy on the QRS complex is not consistent,
but mostly a widening of the QRS complex has been reported.43-46 In our study,
we found a nonsignificant relation between widening of the QRS complex and a
decrease in serum magnesium. 

93



Conclusions 

In this study, we confirmed that patients with SAH often have a long QTc
interval and low serum magnesium. In patients with SAH, lower serum magne-
sium concentrations are associated with less prolonged QTc intervals. From these
results, we hypothesize that the decrease in serum magnesium after SAH, because
of intracellular shift, causes changes in the PR and QTc intervals and may pro-
voke U-wave abnormalities. The following increase in cytosolic magnesium has
an opposite effect on the PR and QTc intervals and may explain why low serum
magnesium is related to a less pronounced prolongation of the QTc interval and
prolongation of the PR interval. The fact that ECG changes appear mainly in the
first 72 hours after SAH, as does hypomagnesemia, strengthens this hypothesis.
Our advice for clinical practice in patients with ECG changes after SAH is to
measure serum magnesium. Magnesium therapy might be worthwhile and should
be the focus of further study. 
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Summary

Background
Magnesium is a neuroprotective agent that might prevent or reverse delayed

cerebral ischemia (DCI) after aneurysmal subarachnoid haemorrhage (SAH).
Although the dosage for short-term magnesium therapy is well established, there
is lack of knowledge on the dosage for extended use of magnesium. Our aim was
to find a dosage schedule of magnesium sulphate to maintain a serum magne-
sium level of 1.0-2.0 mmol/l for 14 days to cover the period of DCI.

Methods
We prospectively studied 14 patients admitted within 48 hours after aneurys-

mal subarachnoid haemorrhage (SAH) to our hospital. Magnesium sulphate was
administrated intravenously for 14 days, using 3 different dosage schedules.
Group A (n=3) received a bolus injection of 16 mmol magnesium sulphate fol-
lowed by a continuous infusion of 16 mmol/day; group B (n=6) a continuous
infusion of 30 mmol/day; and group C (n=5) a continuous infusion of 64
mmol/day. Serum magnesium was measured at least every two days and all
patients were under continuous observation during magnesium treatment. Renal
magnesium excretion was measured only in group C.
Findings. In treatment group A the mean serum magnesium level during treat-
ment was 1.03 ± 0.14  (range 0.82-1.34) mmol/l, in group B 1.10 ± 0.15 (range
0.87-1.43) mmol/l, and in group C 1.38 ± 0.18 (range 1.11-1.98) mmol/l. The
renal magnesium excretion in group C was equal to the administrated doses
within 48 hours after treatment had started. All patients in group A reported a
flushing sensation during the bolus injection; no other side effects occurred.

Interpretation
With a continuous intravenous dosage of 64 mmol/l per day, serum magne-

sium levels maintained within the range of 1.0-2.0 mmol/l during 14 days.
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Introduction

Delayed cerebral ischemia (DCI) occurs in approximately 30% of patients
with subarachnoid haemorrhage (SAH) from rupture of an intracranial aneurysm
and is an important cause of poor outcome.14 Because DCI usually occurs 4 to
10 days after the haemorrhage,4 neuroprotective treatment can be started before
the onset of ischemia, but must be administered for an extended period of time. 
Magnesium is a neuroprotective agent that is readily available, inexpensive, and
has a well-established clinical profile in obstetrical and cardiovascular prac-
tice.2,7,9,10. 2,7,10Although dosage for short-term magnesium therapy is well
established, there is lack of knowledge on the dosage for extended use of magne-
sium. Because normal serum magnesium levels are between 0.7-1.0 mmol/l, and
signs of hypermagnesaemia can occur from levels of 2.0 mmol/l onwards, our
aim was to find a dosage schedule of magnesium sulphate to maintain a serum
magnesium level within the range of 1.0-2.0 mmol/l during 14 days to cover
the onset period of delayed cerebral ischemia. 

Patients and Methods

We prospectively studied 14 patients admitted within 48 hours after aneurys-
mal subarachnoid haemorrhage (SAH) to the Academic Medical Centre
Amsterdam and the University Medical Centre Utrecht. The diagnosis of SAH was
made by the presence of extravasated blood in the basal cisterns on CT; the
aneurysm was confirmed by conventional or CT-angiography. Exclusion criteria
were renal failure (serum creatinin > 150 mmol/l), age below 18 y, no
informed consent or imminent death. The clinical condition on admission was
assessed with the World Federation of Neurological Surgeons (WFNS) scale, a 5
point scale based on the Glasgow Coma Scale and the presence or absence of
focal deficits.1

Magnesium sulphate was administrated intravenously for 14 days, started within
48 hours after SAH, using 3 different dosage schedules. Although infusion rates
of 1-2 g/h are common in obstetrical practice, this dosage regime would most
probably led to side effects in the long term. Since long-term treatment with
magnesium has not been described before, our first aim was to administer rea-
sonable safe dosage. Group A (n=3) received a bolus injection of 16 mmol mag-
nesium sulphate followed by a continuous infusion of 16 mmol/day, which is
adapted from cardiology practice where magnesium is used in this dosage for
treatment of torsade de points. Group B (n=6) received a doubling of dosage
regime A, but without the bolus injection, thus a continuous infusion of 30
mmol/day. Group C (n=5) was given a continuous infusion of 64 mmol/day,
which dosage regime was adapted from the IMAGES-trial11 on acute stroke.
Normal serum magnesium is between 0,7-1,0 mmol/l. The aim of the magne- 101



sium treatment was to obtain a serum magnesium level above 1.0 mmol/l but
below 2.0 mmol/l. With serum magnesium levels above 2.0 mmol/l signs of
hypermagnesemia like nausea, headache and muscle weakness can occur. 
Serum magnesium was routinely measured at admission and at least every two
days during the 14 days of magnesium therapy. In group C, urine magnesium
was measured daily as well. During the 14 days of magnesium therapy special
attention was given to detect possible side effects. All patients were kept under
close observation for at least two weeks of their hospitalisation, with continuous
monitoring of blood pressure, heart rate, ECG, and arterial oxygen saturation.
Patients were treated according to a standardised protocol that consisted of
absolute bedrest until treatment of the aneurysm, oral nimodipine, intravenous
administration of fluid aiming normovolemia, and refraining from antihyperten-
sive medication.
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Table 1. Patient data and outcome events

group sex age WFNS loc treatm day DCI rebleed GOS [mg]s range

A F 46 2 ACA clip 1 yes no 4 .90 .82-1.18
A M 52 2 ACA clip 1 no no 5 .71 .93-1.34
A F 35 2 ACI clip 1 no no 4 .71 .97-1.20
B F 73 3 MCA coil 3 yes yes 1 .84 1.21-1.28
B F 39 4 BA coil 3 no yes 5 .81 .80-1.18
B F 77 1 MCA clip 9 yes yes 4 .95 1.14-1.43
B F 62 2 BA coil 3 no no 5 .65 .87-1.24
B M 47 4 ACA - - no yes 1 .83 1.01-1.10
B M 52 1 ACA clip 10 no no 5 .89 1.08-1.37
C M 61 2 ACA clip 17 no no 4 .79 1.20-1.54
C F 45 1 ACA clip 3 no no 5 .70 1.14-1.56
C F 66 1 ACA clip 3 no no 5 .75 1.24-1.58
C F 49 4 ACP clip 9 no yes 5 .81 1.11-1.76
C M 67 1 ACA clip 2 no no 5 .86 1.21-1.98

ACA, anterior communicating artery; MCA, middle cerebral artery; BA, basilar artery, PCA, posterior communicating
artery;DCI, delayed cerebral ischemia; [Mg]s, baseline serum magnesium in mmol/l; range, serum magnesium range
during 14 days of magnesium therapy. 

Table 2. Serum and urine magnesium (mean values)

Group baseline [Mg]serum treatment [Mg]serum range [Mg]urine volume
(mmol/l) (mmol/l) (mmol/l) (mmol)

A 0.77 1.03 ± 0.14 (+34%) 0.82-1.34
B 0.83 1.10 ± 0.15 (+56% 0.87-1.43   
C 0.78 1.38 ± 0.18 (+77%) 1.11-1.98 63 ± 19              



We recorded side effects of magnesium, occurrence of DCI and  rebleeding, and
outcome according to the Glasgow Outcome Scale (GOS).
The difference between serum magnesium at admission and during treatment
within one of the dose regimes was assessed with the independent-samples T
test. Mean values are given with standard deviation. No data analyses were done
on the outcome events or the differences in serum magnesium between groups.

Results

Patient characteristics are shown in table 1. Serum magnesium levels within the
groups are shown in table 2 and the figure. In treatment group A the mean
serum magnesium  increased with 34% to 1.03 ± 0.14 mmol/l;  in treatment
group B with  56% to 1.10 ± 0.15 mmol/l; and in group C with  77% to 1.38 ±
0.18 mmol/l. The magnesium concentration ranged between 0.82-1,34 mmol/l
in group A, between 0.87-1.43 mmol/l in group B, and between 1.11-1.98
mmol/l in group C.
In all patients in group A the level of serum magnesium  peaked on day 1 (1.34
mmol/l), after which it slowly decreased to values below 1.0 mmol/l. In group
B (maximum 1.43 mmol/l) as well as in group C (maximum 1.98 mmol/l), the
maximum level was reached between day 1 and 5 (median day 3) after start of
treatment. In group B, levels gradually decreased after day 5, and sometimes
dropped below 1.0 mmol/l. In group C levels remained reasonably stable after
an initial decline and remained always above 1.0 mmol/l [Fig. 1];  the lowest
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value measured was 1.11 mmol/l, on day 8, the highest was 1.98 mmol/l, on
day 5. Urine magnesium levels were only measured in group C [Fig 1]. On the
first day of urine sampling after starting magnesium treatment, the mean magne-
sium volume in the urine was 63 mmol/24 h, and thus approximately equals
the treatment amount. The renal excretion of magnesium remained stable during
the whole treatment period, with a mean of 63 ± 19 mmol/24 h and with a
concentration of 13 ± 7.0 mmol/l (strongly depended on the fluid intake and
diurese).

Outcome Events
All patients in group A experienced a flushing sensation in their head and

face immediately after the bolus injection, but without any changes in blood
pressure. No other side effects where noted.  In the other treatment groups no
side effects occurred.
Table one shows that three of the 14 patients developed delayed cerebral
ischemia and five patients had a rebleeding. In three patients rebleeding had
occurred before start of the magnesium treatment. Two patients eventually died
from rebleeding or a combination of rebleeding and DCI. One patient had a poor
outcome three months after the haemorrhage. In treatment group C, none of the
patients had DCI, one patient had a rebleeding during magnesium treatment and
all patients achieved a favourable outcome after 3 months.

Discussion

Our aim of maintaining a serum magnesium level between 1.0 and 2.0
mmol/l for 14 days was achieved only with a dosage of 64 mmol magnesium
sulphate per day using continuous infusion. In a series of patients with subarach-
noid haemorrhage but no magnesium supplementation, serum magnesium levels
were low and in more than half the patients even below the under limit for
normal at some point in the initial two weeks after the haemorrhage.15 The
increased concentrations of magnesium found in this study are therefore an
effect of the magnesium therapy. The increased concentration with 64mmol/day
supplementation was maintained despite the rapid increase of the renal magne-
sium excretion, which reached values equal to the administered dosage within 48
hours after treatment. Although we did not measure renal excretion in the other
treatment groups, this increased excretion of magnesium might well be the cause
of the failure to maintain adequate levels in those groups; if this is true, dosages
higher than 64 mmol/day may lead to concentrations above 2.0 mmol/l and
should therefore not be given. Because the effect of 64 mmol/day was homoge-
nous in our group of 5 patients, we did not expand this group. Nevertheless, we
advise keeping close attention to signs of hypermagnesaemia or to serum magne-
sium concentration if this dosage is used in clinical practice. 
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Magnesium administration is the first line strategy in eclampsia. In eclampsia the
dosage is a bolus infusion of 16 mmol followed by a continuous administration
of 4-8 mmol/hour, which aims at a serum magnesium value between 2.0-4.0
mmol/l, but magnesium administration is continued for only 48 hours. Because
of the increased risk of overdosing and inherent side effects, serum magnesium
levels need close monitoring with such a dose regime. Close monitoring and
possible dose-adjusting, make the strategy less feasible, and impractical for a
double-blind randomised placebo-controlled trial. Studies on magnesium-sul-
phate in subarachnoid haemorrhage are scarce and we do not know of other
dose-escalating studies for fixed dose supplementation. Two studies adjusted
dosages to reach and maintain pre-specified levels. A first study aimed at serum
magnesium levels between 2.0 and 2.5 mmol/l or at doubling of the baseline
serum magnesium level. This goal was reached in 8 out of 10 patients with a
initial bolus infusion of 20 mmol magnesium sulphate followed by a mean infu-
sion rate of 84.7 mmol/d and frequent dose adjustments [3]. In another study,
with the aim to maintain serum magnesium levels between 1.6 and 2.3 mmol/l,
an initial bolus of 24 mmol magnesium sulphate followed by an initial continu-
ous infusion of 8 mmol/h with frequent dosage adjustments was used resulted in
a mean serum magnesium level of 1.9 mmol/l, using a mean dosage schedule of
6 +/- 1.88 mmol/h (144 mmol/d).16 In the only report on magnesium sul-
phate as a fixed continuous infusion, a dose of 48 mmol/d in 10 patients with
aneurysmal subarachnoid haemorrhage was used, which resulted in a serum
magnesium level of 1.2 mmol/l.8 These results confirm our finding that levels
above normal can be maintained for longer periods with fixed dosages of intra-
venous magnesium-sulphate. 
A strategy without a bolus injection obviates the risk of side effects from a bolus
injection. During bolus injection, a flushing sensation is often felt, as in all our
patients that were given a bolus injection. Also, when a bolus injection is given
in seconds, a potentially fatal neuromuscular blockade can occur. Apart from
effects from rapid infusion, side effects of magnesium are rare but do exist.
Nausea and headache can occur with serum magnesium levels as low as 1.8
mmol/l, but mostly occur in the 2.0-2.5 mmol/l range. Other, more serious
side effects occur only at levels higher than 2.0 mmol/l. Bradycardia and
hypotension can occur with serum magnesium levels between 2.2-3.1.
Bradypnea with oxygen saturation below 85% can occur in serum magnesium
levels of 3.1 mmol/l.5 Magnesium can prolong the effect of muscle relaxantia
used during anaesthesia, but this didn’t lead to any complication during or after
surgery in our study.6

In two patients rebleeding occurred after magnesium treatment had started, one
in group B and one in group C.  This is not higher than expected, but given the
reports on  platelet inhibiting effect of magnesium12,13, close surveillance of the
proportion of patients with rebleeding or postoperative haemorrhage is needed
in future studies on magnesium therapy after subarachnoid haemorrhage. 105



Conclusion

Serum magnesium levels of 1.0-2.0 mmol/l can easily be maintained using a
dosage schedule of 64 mmol a day without any side effects. This study was not
designed for assessment of  the effects of magnesium administration on the
development of DCI or on final outcome. To assess the efficacy of magnesium
therapy, large randomised clinical trials are needed. We are presently running a
randomised, placebo-controlled, double-blind trial which studies the effect of
magnesium on the occurrence of delayed cerebral ischemia after subarachnoid
haemorrhage using a dose of 64 mmol magnesium sulphate (or saline as a place-
bo) a day.
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Abstract

Background
Magnesium is a neuroprotective agent that might prevent or reverse delayed

cerebral ischemia (DCI) after aneurysmal subarachnoid haemorrhage (SAH). We
are presently running a randomised, placebo-controlled, double blind trial with
magnesium sulphate (64 mmol per day intravenously). We studied whether this
treatment regime resulted in our target serum magnesium levels of 1.0-2.0
mmol/l.

Methods
Magnesium sulphate was administered intravenously as soon as possible after

admission and continued until 14 days after occlusion of the aneurysm. Serum
magnesium measurements were done at baseline and at least every 2 days during
administration of trial medication. For comparison we used the serum magne-
sium levels of the placebo treated patients. 

Results
Magnesium therapy was begun in 94 patients. The mean magnesium level in

the treatment period was 1.47 +/- 0.32 mmol/l. In 81 patients serum magne-
sium stayed within target levels during the entire treatment period. One patient
had a serum magnesium level below 1.0 mmol/l (0.91 mmol/l) in a single
measurement and 10 patients had serum magnesium levels above 2.0 mmol/l at
one or more measurements. In 6 patients magnesium therapy was discontinued:
in 3 because of nausea, headache, or both in combination with serum magne-
sium levels above 2.0 mmol/l and in the other 3 because of hypotension,
phlebitis, and renal failure.

Conclusions
With an intravenous dosage schedule of 64 mmol magnesium sulphate a day,

serum magnesium levels of 1.0-2.0 mmol/l can easily be maintained without
severe side effects for an extended period in a vast majority of patients with
SAH. 
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Delayed cerebral ischemia (DCI) is an important cause of poor outcome after
aneurysmal subarachnoid haemorrhage (SAH).1 Magnesium is a neuroprotective
agent that might prevent or reverse DCI after SAH.2,3 It is inexpensive, readily
available, and commonly used in a wide range of clinical disorders.4-8 However,
in these disorders magnesium therapy is limited to only one or a few days. With
regard to the time window of DCI, magnesium therapy must cover a period of
two or three weeks, but there is a lack of knowledge on intravenous magnesium
therapy for such an extended period. We are presently running a randomised,
placebo-controlled, double blind trial that studies the effect of magnesium on
the occurrence of DCI with a daily dose of 64 mmol magnesium sulphate intra-
venously.9,10 The target of the dosage is a serum magnesium level between 1.0
and 2.0 mmol/l, which is above the upper limit for normal, but below levels
that can induce toxic effects. In the current study we investigated if we achieved
our desired serum magnesium levels of 1.0-2.0 mmol/l in the treatment group.

Patients and methods

We retrieved data on magnesium therapy of the 94 patients allocated to mag-
nesium therapy in our trial from November 2000 until August 2003. Inclusion
criteria were admission within 96 hours after aneurysmal subarachnoid haemor-
rhage to the University Medical Centre Utrecht.
The diagnosis of SAH was based on a positive CT scan, or if CT was negative, on
xantochromia of cerebrospinal fluid. Aneurysmal SAH was diagnosed if an
aneurysm was present on conventional or CT/MR angiography, or if the CT scan
showed a typical aneurysmal pattern of haemorrhage. Exclusion criteria for the
study were renal failure (serum creatinin > 150 µmol/l), age below 18 years, no
informed consent or imminent death [appendix 1]. 
Magnesium sulphate was administered with a continuous intravenous dose of 64
mmol/day, started as soon as possible after admission and continued until 14
days after occlusion of the aneurysm, or for a maximum of 18 days when
aneurysm treatment was postponed for more than 4 days after SAH onset. Serum
magnesium levels were measured routinely at admission and at least every two
days during treatment. The principal investigators of the trial remained blinded.
Our aim was to maintain supraphysiological serum magnesium levels above 1.0
mmol/l, but below 2.0 mmol/l as magnesium intoxication, nausea, headache
and muscle weakness, can occur from levels of 2.0 mmol/l onwards. 
During magnesium therapy all patients were kept under close observation with
continuous monitoring of blood pressure, heart rate, ECG, and arterial oxygen
saturation. Patients were treated according to a standardised protocol that con-
sisted of absolute bedrest until occlusion of the aneurysm, oral nimodipine,
intravenous administration of fluid aiming at normovolemia, and refraining from
antihypertensive medication. Preterm termination of trial medication and possi- 111



ble side effects of magnesium treatment were recorded. Results are presented as
mean serum magnesium ± standard deviation. For comparison we used the
serum magnesium levels of the placebo treated patients.

Results

Baseline characteristics and results are summarised in Table 1. The median
period between SAH onset and administration of trial medication was 24 hours
(range 1.5-102 hours). Mean serum magnesium level during therapy in the 94
patients allocated for magnesium treatment was 1.47 mmol/l ±0.32 mmol/l. 
In 80 patients (85%) all measurements were within the target range of 1.0-2.0
mmol/l. One treated patient had a serum magnesium level of 0.91 in a single
measurement. Ten patients (11%) had serum magnesium levels above 2.0
mmol/l in one or more measurements with a maximum of 3.98 mmol/l. The
maximum number of days that one patient had serum magnesium levels above
2.0 mmol/l without clinical signs of magnesium intoxication was 4.
Study medication was discontinued prematurely in 6 patients, in all between the
second and fifth day after instalment of treatment, when serum magnesium
reached its maximum mean level [figure 1]. In 3 of these patients treatment was
discontinued because the synchronic occurrence of nausea and headache with a
raised serum magnesium level above 2.5 mmol/l suggested magnesium intoxica-
tion. In all these 3 patients with clinical manifest hypermagnesemia, renal fail-
ure, defined as serum creatinin > 150 µmol/l, had evolved simultaneously. This
renal failure is a plausible explanation for the raised serum magnesium levels in
those patients. In the 3 other patients with discontinuation of the magnesium
treatment the reasons for discontinuation were occurrence of phlebitis, evolving
renal failure, and hypotension (later proved to be nimodipine induced). The
prolonged effect that magnesium might have on muscle relaxants did not lead to
any complications during or after surgery in our study.11
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Table 1. Baseline characteristics and results

MgSO4 placebo
number included 94 92
men 43 (46%) 28 (30%)
age (mean) 57 56
median start magnesium treatment after SAH onset (h) 24 24
mean baseline serum magnesium (mmol/l) 0.77 0.74
mean serum magnesium during treatment (mmol/l +/- SD) 1.47 +/- 0.32 0.88 +/- 0.1
number of patients with serum magnesium > 2.0 mmol/l 10 0
study medication discontinued:

-  hypermagnesemia 3 0
-  hypotension 1 0
-  renal failure 1 0
-   phlebitis 1 1



DISCUSSION

This study shows that it is feasible to maintain serum magnesium within our
predefined target range for an extended period of time using a dosage regime of
64 mmol magnesium sulphate a day. Only 3% of the patients developed clinical
signs of hypermagnesemia.  
With serum magnesium levels above 2.0 there is an increased risk of clinical
manifest magnesium intoxication. Although nausea and headache have been
described in patients with serum magnesium levels as low as 1.8 mmol/l, these
symptoms occur more frequently at levels above 2.0 mmol/l. More serious side
effects such as bradycardia and hypotension can occur with serum magnesium
levels within the 2.2-3.1 mmol/l range while potentially fatal side effects as
bradypnea with depressed oxygen saturation have been reported with levels
above 3.1 mmol/l range.12 None of these side effects did occur in our study.
Although serious side effects did not occur in our study, renal failure may lead
to hypermagnesemia, which eventually could lead to severe clinical manifesta-
tions if undetected. 
The mean serum magnesium level of 1.47 mmol/l was close to the proposed
optimal serum magnesium level of 1.4 mmol/l for achieving maximal neuropro-
tection as demonstrated by Miles et al.13 In only a few patients’ serum magne-
sium concentrations exceeded the upper level of 2.0 mmol/l. It is suggested that
above this level the neuroprotective properties of magnesium start to decline.
This would implicate that studies aiming serum magnesium levels above 2.0
mmol/l are at risk to be less effective.14,15 A Study in which magnesium sul- 113
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phate was given in 10 patients with aneurysmal SAH in a daily dose of 48 mmol,
resulted in an average serum magnesium level of 1.2 mmol/l, what is probably
below the optimal therapeutic level.16

We conclude that with an intravenous dosage of 64 mmol magnesium sulphate a
day, serum magnesium levels of 1.0-2.0 mmol/l can easily be maintained without
severe side effects for an extended period in a vast majority of patients with SAH.
We recommend regular control of serum creatinin for early detection of renal fail-
ure, which may lead to hypermagnesemia.
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Abstract

Background
Magnesium reverses cerebral vasospasm and reduces infarct volume after

experimental subarachnoid haemorrhage in rats. We aimed to assess whether
magnesium reduces the frequency of delayed cerebral ischaemia (DCI) in patients
with aneurysmal subarachnoid haemorrhage (SAH).

Methods 
Patients were randomised within 4 days after SAH. Magnesium sulphate ther-

apy consisted of a continuous intravenous dose of 64 mmol/day, to be started
within 4 days after SAH and continued until 14 after occlusion of the aneurysm.
The primary outcome DCI (defined as the occurrence of a new hypodense lesion
on CT compatible with clinical features of DCI) was analysed according to the
‘on-treatment’ principle. For the secondary outcome measures ‘poor outcome’
(Rankin > 3) and ‘non-excellent outcome’ (Rankin > 0) we used the ‘intention-
to-treat’ principle. 

Findings 
283 patients were randomised. Magnesium treatment reduced the risk of DCI

by 34% (hazard ratio 0.66; 95% confidence interval 0.38-1.14). After three
months the risk reduction for poor outcome was 23% (risk ratio 0.77; 95% CI
0.54-1.09). At that time 18 patients in the treatment group and 6 in the placebo
group had an excellent outcome (RR for non-excellent outcome 0.91; 95% CI
0.84-0.98).

Interpretation 
This study strongly suggests that magnesium have a neuroprotective effect in

patients with SAH. Magnesium reduces DCI and subsequent poor outcome, but
the results are not yet definitive. A next step should be a phase III trial to con-
firm the beneficial effect of magnesium therapy, with poor outcome as primary
outcome.
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Because of its occurrence at young age and its often poor outcome, the loss of
productive life years from SAH is as large as that from ischaemic stroke, the most
frequent cause of stroke.1 Death or dependence occurs in approximately 70% of
patients and is attributed to delayed cerebral ischaemia (DCI) in approximately
one third of all patients with poor outcome.2;3

Delayed cerebral ischaemia occurs most frequently between 4 and 10 days after
the haemorrhage.4;5 Despite many years of research, the effectiveness of treat-
ment to prevent or reverse it is modest.6 The current mainstay of treatment is
nimodipine and maintaining normovolemia, but even with this strategy DCI
occurs in at least 27% of patients. Reducing the frequency and consequences of
DCI will improve the outcome after SAH. The interval between the bleeding and
the onset of DCI provides an opportunity for preventive treatment. This is a
major advantage compared with cerebral ischaemia from an thrombo-embolic
event where neuroprotective agents can only be given after the onset of
ischaemia. 
Hypomagnesaemia occurs in more than 50% of patients with SAH and is related
with the occurrence of DCI and poor outcome after 3 months.7 Magnesium was
shown to have a neuroprotective effect in numerous stroke models, and it
reversed cerebral vasospasm and reduced ischaemic depolarisation time and
infarct volume after experimental subarachnoid haemorrhage in rats.8-10 Putative
mode of actions of magnesium include inhibition of the release of excitatory
amino acids and blockade of the NMDA-glutamate receptor.11;12 Magnesium is
also a non-competitive antagonist of voltage dependent calcium channels and has
a dilatatory effect on cerebral arteries. 
Magnesium is readily available, inexpensive and has a well-established clinical

profile in obstetrical and cardiovascular practice.13;14 

With the current study we aimed to assess whether intravenous magnesium sul-
phate, started within 4 days after SAH onset, reduces the frequency of DCI in
patients with aneurysmal SAH.

METHODS

Between November 2000 and January 2004, we enrolled patients in the
‘Magnesium and Acetylsalicylic acid in Subarachnoid Haemorrhage’ (MASH) trial.
This study was a randomised, double-blind, placebo-controlled multicentre trial
with a factorial design: magnesium vs. placebo and acetylsalicylic acid vs. place-
bo. Only the results of the magnesium part of the trial are presented here. The
protocol of the trial was approved by the Ethics Committees of the participating
hospitals.
Patients were included when they could be randomised within 4 days after
aneurysmal SAH. The diagnosis of SAH was based on a positive CT scan or xan-
thochromia of cerebrospinal fluid. Aneurysmal SAH was diagnosed if an 119



aneurysm was present on conventional or CT/MR angiography, or if the CT scan
showed a typical aneurysmal pattern of haemorrhage. If the CT scan was nega-
tive, xanthochromia of cerebrospinal fluid with an aneurysm on angiography
confirmed the diagnosis aneurysmal SAH. Exclusion criteria for the study were
non-aneurysmal causes for SAH, renal failure (serum creatinin > 150 µmol/l),
age below 18 years, no informed consent or imminent death.
The clinical condition at admission was assessed with the World Federation of
Neurological Surgeons (WFNS) scale.15 A dichotomy was made between good
neurological condition (WFNS score I, II, or III) and poor neurological condi-
tion (WFNS score IV or V) at admission. 
We assessed the amount of cisternal and ventricular blood on the initial CT scan
according to the method described by Hijdra et al.16 The sum scores of blood in
the cisterns (range, 0–30) and ventricles (range, 0–12) were dichotomised at
their median value. 
All patients were kept under close observation with continuous monitoring of
blood pressure, heart rate, ECG, and arterial oxygen saturation for at least 2
weeks after the onset of SAH. They were treated according to a standardised pro-
tocol that consisted of absolute bed rest until aneurysm treatment, administration
of nimodipine, cessation of antihypertensive medication, and intravenous admin-
istration of fluid aiming for normovolemia. 
Recurrent bleeding was defined as a sudden clinical deterioration with evidence
of fresh blood on a CT scan in comparison with a previous scan. 

Interventions
Study medication was produced, randomised and distributed by the

University Medical Centre Utrecht and stored at all participating centres.
Magnesium sulphate therapy consisted of a continuous intravenous dose of 64
mmol/day, started immediately after randomisation and continued until 14 days
after occlusion of the aneurysm, or for a maximum of 18 days after the onset of
SAH when aneurysm treatment was performed later than 4 days after SAH onset.
The placebo consisted of 50 ml of normal saline. The dose regime of 64
mmol/day was based on a dose finding study,17 and aims at maintaining serum
magnesium levels within the range of 1.0-2.0 mmol/l during magnesium treat-
ment. Monitoring of serum magnesium levels was not obligatory for the trial,
but in two participating centres magnesium measurements were part of clinical
management. The principal investigators of the trial remained blinded for serum
magnesium levels. 

Outcomes
Since at this stage we aimed at preventing DCI rather than improving overall

outcome, the primary outcome measurement was the occurrence of DCI within
three months after onset of SAH. Three months after the SAH we assessed func-
tional outcome with the modified Rankin scale, a 6-point handicap scale that
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focuses on restrictions in lifestyle, by means of a telephone interview. The
Rankin scale, frequently used in stroke outcome research, is easy to administer,
and reliable in terms of interobserver agreement.18-20

Secondary outcome measurements were: 1) occurrence of any new hypodensity
on brain CT regardless of its cause; 2) death or disability (poor outcome),
defined as a Rankin score of 4 or worse; 3) non-excellent outcome, defined as
the proportion of patients with a Rankin score of  1 or worse. With a Rankin
score of 0 (excellent outcome), the patient is considered having no symptoms
corresponding with a good quality of life.21

All CT scans made after SAH onset were analysed for new hypodensities by 3
members of the steering committee, always in the presence of the principal
investigator (GJER). Hypodensities on CT scan were classified according to the
presumed origin, as follows: 1) representing ‘spontaneous’ cerebral ischaemia; 2)
caused by operation or endovascular treatment; 3) associated with the initial
haemorrhage, usually an intracerebral haematoma; 4) caused by placement of a
ventricular catheter; 5) other. DCI was defined as the occurrence of a new spon-
taneous hypodense lesion as revealed by a CT scan compatible with clinical fea-
tures of DCI (gradually developed focal deficits, decreased level of consciousness,
or both). Patients with an uneventful clinical course in which no control CT
scan was made were scored as having no new hypodensities.

Data analysis
Trial design and conduct for the primary outcome delayed cerebral ischaemia

and for the secondary outcome ‘any hypodensity on CT’ was according to the ‘on-
treatment’ principle. The secondary outcome measures ‘poor outcome’ and ‘non-
excellent outcome’ were analysed according to the ‘intention to treat’ principle. 
According to the data of our pilot study,22 50% of patients in the untreated group
would have hypodense lesions on CT. Assuming that intervention reduces this risk
by 40% (30% risk of hypodense lesions with magnesium treatment), with the
usual a = 5% and 1-b = 80%, 200 patients were needed. 
The principal aim of the data analysis was to compare the incidence of DCI
between the two treatment groups. Kaplan-Meier graphs were used for graphical
comparison. The risks of DCI in the two groups were compared in terms of the
hazard ratio that was obtained from Cox proportional hazards modelling.23 The
precision of the hazard ratio estimates was described with 95% confidence inter-
vals, also obtained from the Cox model.
To assess the effect of treatment on all new hypodensities and outcome at 3
months we estimated risk ratios with corresponding 95% confidence intervals.

Role of the funding source
The funding source had no involvement in the study design, collection,

analysis, and interpretation of data, in writing of the report, or in the decision to
submit the paper for publication. 121



Results

All 283 randomised patients received at least part of the trial infusion and no
patient was lost to follow-up [Figure 1]. No major side effects occurred [legend
Figure 1]. Patients were well matched for baseline data, including treatment of
the aneurysm [Table 1]. 
Magnesium treatment reduced the risk of the primary outcome delayed cerebral
ischaemia by 34% (HR 0.66; 95% CI 0.38-1.14), with a number needed to treat
(NNT) of 14 [Table 2]. There was no reduction of risk for the outcome event
‘any new hypodensities on CT, regardless of cause’ (RR 1.04; 95% CI 0.79-1.37). 
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Table 1. Baseline and outcome data according to allocated treatment

total intention-to-treat on-treatment
n=283 n=283 n=249

baseline data
number randomised
type of disease
aneurysmal SAH
perimesencephalic SAH
other 

mean age
women
clinical condition at admission
WFNS I
WFNS II
WFNS III
WFNS IV
WFNS V
WFNS ≥ 4

amount of cisternal blood
above median (23)

amount of ventricular                                                                   
blood above median (2)

intracranial haematoma
treatment aneurysm
surgery
endovascular treatment
none

mean start study    
medication [h] (median)

recurrent bleeding

outcome measurements
new hypodensities on CT
delayed cerebral ischaemia
poor outcome (Rankin >3)
excellent outcome (Rankin = 0)

283

274 (97%)
4 (1%)
5 (2%)
54.6

184 (65%)

133 (47%)
68 (24%)
13 (5%)
43 (15%)
26 (9%)
69 (24%)

171 (60%)

94 (33%)
14 (5%)

155 (55%)
74 (26%)
54 (19%)

35 (28)
41 (15%)

128 (45%)
57 (20%)
89 (31%)

24 (8%)

magnesium

139 

135 (97%)
2 (1%)
2 (1%)
54.8

87 (63%)

69 (50%)
30 (22%)
7 (5%)

21 (15%)
12 (9%)
33 (24%)

82 (59%)

48 (35%)
7 (5%)

72 (52%)
39 (28%)
28 (20%)

35 (28)
21 (15%)

62 (45%)
22 (16%)
38 (27%)

18 (13%)

placebo

144 

139 (97%)
2 (1%)
3 (2%)
54.4

97 (67%)

64 (44%)
38 (26%)
6 (4%)

22 (15%)
14 (10%)
36 (25%)

89 (62%)

46 (32%)
7 (5%)

83 (58%)
35 (24%)
26 (18%)

35 (28)
20 (14%)

67 (47%)
35 (24%)
51 (35%)

6 (4%)

magnesium

122 

122 (100%)
-
-

54.4
78 (64%)

58 (48%)
28 (23%)
6 (5%)

21 (17%)
9 (7%)

30 (25%)

76 (62%)

42 (34%)
5 (4%)

66 (54%)
35 (29%)
21 (17%)

33 (27)
18 (15%)

56 (46%)
21 (17%)
32 (27%)

14 (11%)

placebo

127 

127 (100%)
-
-

54.5
89 (70%)

56 (44%)
33 (26%)
4 (3%)

20 (16%)
14 (11%)
34 (27%)

81 (64%)

41 (32%)
4 (3%)

74 (58%)
32 (25%)
21 (17%)

35 (28)
19 (15%)

56 (44%)
31 (24%)
44 (35%)

4 (3%)



After three months the risk reduction for poor outcome was 23% (RR 0.77; 95%
CI 0.54-1.09; NNT 12). At that time 18 patients in the treatment group had an
excellent outcome (Rankin grade 0), compared with 6 patients in the placebo
group. The relative risk for non excellent outcome was 0.91; 95% CI 0.84-0.98;
NNT 11.
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Table 2. Outcomes in the trial according to magnesium treatment

risk ratio number needed to treat
(95% CI)

Primary outcome
Delayed cerebral ischaemia* 0.66 (0.38-1.14)# 14 (6-∞ )

Secondary outcomes
New  hypodensities on CT*  1.04 (0.79-1.37) -
Poor outcome** 0.77 (0.54-1.09) 12 (5-∞ )
Non-excellent outcome** 0.91 (0.84-0.98) 11 (7-43)

* on-treatment analysis; ** intention-to-treat analysis; # hazard ratio
Poor outcome is defined as a Rankin score of 4 or worse
Non-excellent outcome is defined as a Rankin score of 1 or worse

Figure 1. Flow diagram of the progress through the phases of the trial

We have no specified information on how many patients were assessed for eligibility or the reasons why they were
excluded for randomisation. Seventeen patients allocated to magnesium treatment discontinued intervention for
the following reasons: no aneurysmal SAH (4); hypotension (1); phlebitis (2); bradycardia and atrium fibrillation
(1); routine magnesium suppletion (1); hypermagnesemia (3); renal failure (1); death imminent (1); request of
patient or family (1); unreliable registration of treatment administration (2). Seventeen patients allocated to saline
treatment discontinued intervention for the following reasons: no aneurysmal SAH (5); phlebitis (1); intracranial
haematoma (1); trial medication lost (1); routine magnesium suppletion (3); request of patient or family (2);
unreliable registration of treatment administration (4). 

on-treatment analysis (n=122)
intention-to-treat analysis (n=139)

lost to follow-up (n=0)
discontinued magnesium (n=17)

allocated to magnesium (n=139)
received magnesium (n=139)

on-treatment analysis (n=127)
intention-to-treat analysis (n=144)

lost to follow-up (n=0)
discontinued placebo (n=17)

allocated to placebo (n=144)
received placebo (n=144)

randomised (n=283)



DISCUSSION
This study shows that there is a strong tendency towards a reduction of DCI

and subsequent poor outcome in patients treated with magnesium. Magnesium
treatment significantly increased the number of patients with excellent outcome
three months after subarachnoid haemorrhage, but this was not the primary aim
of the analysis. The results strongly suggest that magnesium has a neuroprotective
effect in patients with SAH.
Although hypomagnesemia is associated with DCI and poor outcome,7 we aimed
at reaching therapeutic serum magnesium levels instead of magnesium suppletion
alone. Because magnesium intoxication, manifested by nausea, headache and
muscle weakness can occur from levels of 2.0 mmol/l onwards, our purpose was
to maintain a serum magnesium level within the range of 1.0-2.0 mmol/l dur-
ing magnesium treatment.
The result of our study is in line with the neuroprotective effect attributed to
magnesium in several animal studies and small clinical trials.9;10;24;25 The only
other randomised trial so far showed that ‘clinical vasospasm’, defined as a new
focal neurological deficit that could not be accounted for by other cause,
occurred in six of 20 patients receiving magnesium sulphate and in five of 16
patients receiving placebo (RR 0.96; 95% CI 0.36-2.6).26 Poor outcome occurred
in 7 of 20 patients receiving magnesium sulphate and in 8 of 16 patients receiv-
ing placebo (RR 0.70; 95% CI 0.32-1.5).
In our study we chose to analyse DCI and not vasospasm because vasospasm by
itself does not always lead to DCI, quite apart from the practical problems of
measuring arterial narrowing. Prevention of DCI, however, is only an indirect
measure for a beneficial effect of magnesium treatment. A conclusive trial with
functional recovery as primary outcome measure would have required a larger
number of patients. We chose to start with an ‘explanatory’ study, with a proof
of concept design.27 Unfortunately, it turned out that we have underpowered the
study because we used the strict criteria for DCI as primary outcome measure
rather than all hypodensities on CT scanning. This reduced the frequency of the
primary outcome in the control group from the expected 50% (data pilot
study)22 to 25%. Thanks to a relatively high inclusion rate we could increase the
number of patients within the 3 year randomisation period from 200 to 283.
The sizeable proportion of patients with a poor clinical condition on admission
(24%) indicates that this group of patients is well represented, allowing generali-
sation of our study results to patients with SAH in general.
Given the supposed mode of action of magnesium treatment, one might expect a
benefit of magnesium treatment in ischaemic stroke. However, the recently pub-
lished results of the intravenous magnesium efficacy in stroke (IMAGES) trial
showed that magnesium given within 12 hours of acute stroke did not reduce
the risk of poor outcome.28 That magnesium treatment might nevertheless be
beneficial in subarachnoid haemorrhage is suggested by differences in pathophys-
iology and dose regime. In the IMAGES trial, treatment was started within 12124



hours after stroke onset; however, the majority of patients received medication
beyond 6 hours, with only 3% treated within 3 hours. In ischaemic stroke this
could mean that most of the damage had already occurred. At the other end of
the time frame, treatment was maintained for only 24 hours. The ischaemic cas-
cade, however, continues for more than 24 hours.29 This leaves the possibility
that secondary brain damage such as apoptosis was not counteracted. Since mag-
nesium plays an important role in DNA stabilisation, the potential beneficial
effects of magnesium may not have been utilised in this manner. Although in
our study population the median start of treatment was 28 hours, it was contin-
ued for at least 2 weeks. Given the biphasic pattern of ischaemia in SAH it might
be possible to prevent secondary brain ischaemia. The results of our study suggest
that prevention of ischaemia with magnesium is more effective than treatment
after onset of the ischaemic event. Extended use of magnesium sulphate is needed
to cover the period at risk for DCI.26

The risk reduction of magnesium is added to the risk reduction already achieved
with the routinely administrated N-type calcium channel antagonist nimodipine.
Nimodipine reduces the proportion of patients with poor outcome and
ischaemic neurological deficits after aneurysmal SAH.6 Because the actions of
nimodipine and magnesium have an overlap, the protective effect of magnesium
by itself shown in this study may have been underestimated. 
Magnesium reduces ischaemic complications and poor outcome after SAH but as
yet, the evidence for the introduction of magnesium treatment in clinical prac-
tice is inconclusive. A large phase III trial with ‘poor outcome’ as the primary
measure of outcome should provide final evidence for the effect of magnesium
therapy in addition to the standard therapy. Based on the results of this study,
approximately 1100 patients are needed, which makes it feasible for an interna-
tional trial to produce definitive results in just a few years. Given the fact that
magnesium is safe and inexpensive, and has a small number needed to treat in
this phase II trial, even a small absolute benefit would lead to an enormous cost
saving for health care services.
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Major findings of this thesis

Experimental studies
Magnesium treatment reduces cortical spreading depressions, however, corti-

cal spreading depressions play only a minor role, if any, in the pathogenesis of
cerebral ischemia after subarachnoid hemorrhage (SAH). Pretreatment with mag-
nesium reduces the extent of acute ischemic cerebral lesions after SAH. This
effect may partly be explained by the reduction of ischemic depolarizations by
magnesium. Delayed cerebral ischemia (DCI) does occur after experimental SAH
in the rat and vasoconstriction may play an important role. 

Clinical studies
Hypomagnesemia occurs frequently after SAH and is associated with the

severity of the SAH and the occurrence of  DCI. Hypomagnesemia might also be
the missing link between SAH and ECG abnormalities. Serum magnesium levels
between 1.0-2.0 mmol/l can easily be maintained for an extended period of
time with an intravenous dosis regime of 64 mmol magnesium sulfate a day
without severe side effects. With this dosis regime the risk of DCI is reduced by
34% and the risk of poor outcome after 3 months by 23%. Magnesium treatment
increased the number of patients with excellent outcome 3 months after SAH.

Delayed cerebral ischemia

Cause and definition 
The cause of delayed cerebral ischemia after subarachnoid hemorrhage is not

yet clear, but vasospasm, probably in combination with intima proliferation,
seems an important contributive factor. In 1949, Robertson was the first who
suggested that the delayed ischemic complications seen after aneurysm rupture
might be secondary to vasospasm.1 Ecker and Riemenschneider first described the
angiographical appearance of cerebral vasospasm in 1951.2 Subsequently,
Kågström et al. (1966) demonstrated that angiographical spasm following sub-
arachnoid hemorrhage is delayed and progressive, reaching maximum several
days after the bleed.3 Later studies confirmed that the delayed and clinically
deleterious spasm reaches a maximum about seven days after the SAH.4-6

In the clinical studies described in this thesis, DCI was defined as the occurrence
of a new spontaneous hypodense lesion as revealed by a CT scan compatible with
clinical features of DCI (gradually developed focal deficits, decreased level of
consciousness, or both). In our study we chose to analyze DCI and not vasospasm
because vasospasm by itself does not always lead to DCI, quite apart from the
practical problem of measuring arterial narrowing. 
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Current management 
Measures of proven value in decreasing the risk of DCI are a liberal supply of

fluids, avoidance of antihypertensive drugs and administration of nimodipine, an
N-type calcium channel antagonist. Nimodipine reduces the proportion of
patients with poor outcome and ischemic neurological deficits after aneurysmal
SAH.7 Once ischemia has occurred, treatment regimes such as a combination of
induced hypertension and hypervolemia, or transluminal angioplasty, are plausi-
ble, but of unproven benefit.

Magnesium treatment in subarachnoid

hemorrhage

Review of the literature
In the context of a Cochrane review on calcium antagonists in SAH, we

searched in the Stroke Group Trials Register (last search by the Review Group
Coordinator in September 2003), MEDLINE (1966 - October 2003) and EMBASE
(1980-October 2003). We identified only one trial on magnesium sulfate that
matched our predefined criteria.8 In this trial, totaling 40 patients, magnesium
sulfate was given intravenously with a loading dose of 6g in 30 minutes followed
by continuous infusion at 2g / hour for 10 days. Subsequent dosage adjustments
were to maintain the magnesium level between 4 and 5.5 mg/dl (between 1.7
and 2.3 mmol/L). If serum magnesium was less than 4 mg/dl or between 5.5
and 7.1 mg/dl, the infusion was increased or decreased, respectively, by 0.5
g/hour (12 ml/hour). Patients in the placebo group received routine infusions
of magnesium sulfate if serum magnesium was < 2mg/dl (0.8 mmol/L). In this
trial symptomatic vasospasm occurred in six of 20 patients receiving magnesium
sulfate and in five of 16 patients receiving placebo (RR 0.96; 95% CI 0.36-2.28).
Poor outcome (dependence or death) at the 3-month follow-up examination
occurred in 7 of 20 patients receiving magnesium sulfate and in 8 of 16 patients
receiving placebo (RR 0.70; 95% CI 0.32-1.52).
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Future research

Magnesium reduces ischemic complications and poor outcome after SAH but
as yet, the evidence for the introduction of magnesium treatment in clinical
practice is inconclusive. A large phase III trial with ‘poor outcome’ as the pri-
mary measure of outcome should provide final evidence for the effect of magne-
sium therapy in addition to the standard therapy. According to the results of our
pilot study, 35% of patients in the untreated group have a poor outcome com-
pared with 27% in the intervention group (risk ratio 0.77). Based on these
assumptions 1082 patients are needed (with α = 5% and a power of 80%). To
allow for the reliable detection of a slightly smaller effect (risk ratio 0.78)
approximately 1200 patients are needed, which makes it feasible for an interna-
tional trial to produce definitive results in just a few years. Given the fact that
magnesium is safe and inexpensive, and has a small number needed to treat
according to our phase II trial, even a small absolute benefit would lead to an
enormous cost saving for health care services.
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Summary

The main objective of this thesis was to determine the role of serum magne-
sium in the pathophysiology after subarachnoid hemorrhage (SAH) and to assess
the effect of magnesium treatment in reducing cerebral ischemia in experimental
SAH and in improving clinical outcome in patients with aneurysmal SAH.

In Chapter 2 we reviewed the potentials of magnesium treatment in sub-
arachnoid hemorrhage by describing the pathophysiology of ischemia after SAH
and the many ways magnesium may interfere with this. 

In Chapter 3 we described a study in which cortical spreading depressions
(CSDs) are induced by topical administration of potassium chloride in rat brain.
We demonstrated that intravenous magnesium administration reduced CSDs and
delayed anoxic depolarization in intact rat brain. Therefore we hypothesized that
the neuroprotective role of magnesium in cerebral ischemia is partly due to
effective suppression of ischemia-induced depolarization. 

In Chapter 4 we induced an experimental subarachnoid hemorrhage in the
rat by means of the endovascular filament model. MRI measurements were per-
formed on a 4.7T NMR spectrometer 1 and 48 hours after SAH and 9 days
thereafter. We showed that it is feasible to detect alterations of in-vivo vessel
diameter and blood flow velocities and their consequences for brain damage after
experimental SAH in the rat. The increase of the infarct and the concomitant
vasoconstriction suggest that delayed cerebral ischemia after SAH occurs in rats
and that vasoconstriction may play an important role. 

In the study described in Chapter 5 we also used the endovascular filament
method to induce SAH in the rat. Extracellular direct current potentials were
continuously recorded from 6 Ag/AgCl electrodes, before and up to 90 minutes
following SAH. Next, animals were transferred to the 4.7T NMR spectrometer.
We demonstrated that prolonged depolarizations occur immediately after SAH
and that the duration of these depolarizations is related to the extent of ischemic
lesions observed on MRI. Moreover, we found that pretreatment with magne-
sium sulfate reduces the duration of the depolarizations and the extent of the
ischemic lesions. Cortical spreading depressions play a minor role, if any, in the
acute pathophysiology of SAH. 

In Chapter 6 a clinical study is described in which we measured serum mag-
nesium in 107 consecutive patients admitted within 48 hours after SAH.
Hypomagnesemia is frequently present after SAH (38%) and is associated with
the amount of subarachnoid blood (cisternal blood p=0.006; ventricular blood
p=0.005), a longer duration of unconsciousness (p=0.007), and a worse clinical
condition at admission (p=0.001). Hypomagnesemia occurring between days 2
and 12 after SAH predicts DCI (HR 3.2; 95% CI 1.1-8.9).

In Chapter 7 we describe the relation between hypomagnesemia and ECG
abnormalities after SAH. Lower serum magnesium levels were related to less
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pronounced increase in the QTc interval and a long PR interval. Although the
direction of the relation was unexpected, decreased serum magnesium might be
the missing link between SAH and ECG abnormalities.

In Chapter 8 we describe the results of our dose-finding study, preceding our
randomized controlled trial. We found that with a continuous intravenous
dosage of 64 mmol per day, serum magnesium levels after SAH maintained
within the pursued range of 1.0-2.0 mmol/l for 14 days.

In Chapter 9 we confirmed that with the dosage schedule found in Chapter 7
serum magnesium levels of 1.0-2.0 mmol/l can easily be maintained without
severe side effects in a vast majority of patients.

In Chapter 10 we describe the results of our randomized controlled trial per-
formed with the above mentioned dosage regime in 283 patients. Magnesium
treatment reduced the risk of DCI by 34% (HR 0.66; 95% CI 0.38-1.14). The
risk reduction for poor outcome after 3 months was 23% (RR 0.77; 95% CI
0.54-1.09). At that time 18 patients in the treatment group and 6 in the placebo
group had an excellent outcome (RR for non-excellent outcome 0.91; 95% CI
0.84-0.98). This study shows that there is a strong tendency towards a reduction
of DCI and subsequent poor outcome in patients treated with magnesium, but as
yet, the evidence for the introduction of magnesium treatment in clinical prac-
tice is inconclusive. A large phase III trial with functional recovery as the pri-
mary measure of outcome should provide final evidence for the effect of
magnesium therapy in addition to the standard therapy.
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Samenvatting

Het belangrijkste doel van de studies beschreven in dit proefschrift was de rol
te bepalen van magnesium in de pathofysiologie na een subarachnoïdale bloeding
en te onderzoeken of behandeling met magnesium effectief is in het verminderen
van hersenschade in experimentele subarachnoïdale bloeding en vervolgens door
middel van een gerandomiseerde klinische studie bepalen of behandeling met
magnesium de frequentie van secundaire ischemie (DCI) en daaropvolgende
slechte uitkomst (dood of afhankelijkheid) in patiënten met een subarachnoïdale
bloeding (SAB) kan beperken. 

In Hoofdstuk 2 wordt een overzicht  gegeven van de mogelijkheden van de
behandeling met magnesium aan de hand van de pathofysiologie na een SAB. 

In Hoofdstuk 3 wordt de studie beschreven waarin we ‘cortical spreading
depressions’ induceren bij de rat door middel van applicatie van KCl op de cor-
tex. Met corticale elektroden worden de cortical spreading depressions gemeten.
In dit onderzoek hebben we aangetoond dat intraveneuze behandeling met mag-
nesium het optreden van CSDs doet afnemen en het optreden van anoxische
depolarisatie uitstelt. Dientengevolge denken we dat het neuroprotectieve werk-
ing van magnesium mogelijk voor een deel te verklaren is door onderdrukking
van ischemische depolarisaties. 

In Hoofdstuk 4 beschrijven we een diermodel voor experimentele subarach-
noïdale bloeding: het endovasculaire filament model. Een aangescherpt prolene
3.0 hechtdraad wordt retrograad in de geligeerde carotis externa opgevoerd tot in
de carotis interna waarop deze ter hoogte van de intracraniële bifurcatie wordt
geperforeerd, waarna de hechtdraad weer snel wordt verwijderd. Na 1 en 48 uur
en vervolgens na 9 dagen werden MRI metingen verricht op een 4.7T NMR spec-
trometer. Hiermee hebben we aangetoond dat het mogelijk is in-vivo veran-
deringen aan te tonen in de diameter en de stroomsnelheid van de intracraniële
vaten en de gevolgen daarvan voor hersenschade na experimentele SAB in de rat.
De toename van herseninfarcering parallel aan het optreden van vasoconstrictie
doet vermoeden dat DCI plaatsvindt in de rat en dat vaatspasme daar mogelijk
een belangrijke rol in speelt. 

In de studie welke beschreven wordt in Hoofdstuk 5 wordt eveneens gebruik
gemaakt van het endovasculaire filament model voor het induceren van een SAB
bij de rat. Extracellulaire gelijkstroom potentialen werden continue geregistreerd
door middel van een 6-tal Ag/AgCl elektroden voorafgaand en tot 90 minuten
na de SAB. Vervolgens werden de dieren verplaatst naar de MRI. Met deze studie
hebben we aangetoond dat langdurige depolarisaties optreden direct na een SAB
en dat de duur van deze depolarisaties gerelateerd is aan de mate van ischemis-
che cerebrale schade zoals die wordt waargenomen met behulp van MRI. Daarbij
hebben we aangetoond dat magnesium therapie voorafgaand aan de bloeding de
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duur van de depolarisaties (24%; p=0.31) en de ischemische schade (66%;
p=0.045) vermindert. Cortical spreading depressions spelen nauwelijks of geen
rol in de acute pathofysiologie na een SAB. 

In Hoofdstuk 6 wordt een klinische studie beschreven waarin we het serum
magnesium bij 107 achtereenvolgende patiënten die binnen 48 uur na een SAB
werden opgenomen hebben gemeten. Hypomagnesiaemie bleek frequent voor te
komen na een SAB (38%) en is geassocieerd met de hoeveelheid subarachnoïdaal
bloed (cisternaal bloed p=0.006; ventriculair bloed p=0.005), langdurig
beweustzijnsverlies bij ontstaan van de bloeding (p=0.007), en een slechte neu-
rologische conditie bij binnenkomst (p=0.001). Hypomagnesiaemie tussen dag 2
en 12 na de bloeding voorspelt DCI (HR 3.2; 95% CI 1.1-8.9). 

In Hoofdstuk 7 beschrijven we de relatie tussen hypomagnesiaemie en ECG
afwijkingen zoals die optreden na een SAB. Een laag serum magnesium bleek
gerelateerd aan een mindere verlenging van het QTc interval en aan een lang PR
interval. Hoewel de richting van de relatie onverwacht was zou magnesium de
ontbrekende schakel kunnen zijn tussen SAB en ECG afwijkingen.

In Hoofdstuk 8 worden de resultaten besproken van onze ‘dose-finding’
studie, voorafgaand aan onze gerandomiseerde klinische studie. We vonden dat
bij een continue intraveneuze dosering van 64 mmol magnesiumsulfaat per dag
de serum magnesium spiegels gedurende 14 dagen tussen de vooraf als doel
gestelde grenzen van 1.0-2.0 mmol/l bleef. 

In de studie die wordt beschreven in Hoofdstuk 9 bevestigen we dat met de
dosering zoals die gevonden is in Hoofdstuk 7 bij een grote meerderheid van de
patiënten de magnesium spiegel tussen de 1.0 en 2.0 mmol/l blijft zonder ern-
stige bijwerkingen.

In Hoofdstuk 10 worden de resultaten besproken van de gerandomiseerde
klinische studie waarbij gebruik wordt gemaakt van de bovenvermelde dosering.
In deze studie werden 283 patiënten geïncludeerd. Behandeling met magnesium
verminderde de kans op DCI met 34% (HR 0.66; 95% CI 0.38-1.14). De kans op
een slechte uitkomst na 3 maanden was verminderd met 23% (RR 0.77; 95% CI
0.54-1.09). Op dat moment hadden 18 patiënten die behandeld waren met mag-
nesium een excellente uitkomst, d.w.z. in het geheel geen klachten of verschi-
jnselen, vergeleken met 6 in de controle groep (RR voor niet-excellente uitkomst
0.91; 95% CI 0.84-0.98). Deze studie toont aan dat er een sterke tendens is voor
een vermindering van het optreden van DCI en daaropvolgende slechte uitkomst
door behandeling met magnesium. Echter, het overtuigende bewijs welke het
introduceren van magnesium in de klinische praktijk geoorloofd maakt is nog
niet geleverd. Een grote fase 3 studie met functioneel herstel als primaire
uitkomstmaat moet het definitieve bewijs leveren voor de additionele werking
van magnesium op de standaard therapie.
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Appendix

Voedingsmiddelen rijk aan magnesium (mg per 100 g)

Aanbevolen hoeveelheid per dag voor volwassenen: 350 mg

cacaopoeder 520 mg
zonnebloempitten 387 mg
ontbijtgranen 340 mg
alikruiken (gaar) 300 mg
sojameel 256 mg
cashewnoten (gezouten), amandel, tarwekiemen, wulken (gaar), slakken 250 mg
pinda, witte bonen, pindakaas 180 mg
hazel-, wal-, pistachenoten 160 mg
boekweitmeel, havervlokken 150 mg
bruine rijst (rauw), ontbijttarwe, volle korrelmeel 140 mg
volkorenmeel, amandelspijs 125 mg
bittere chocolade, bouillonblokje, afgeroomd melkpoeder 112 mg
mager melkpoeder 105 mg
müsli 103 mg
ovomaltine, linzen 100 mg
volle melkpoeder, roggemeel, zuring (gaar), snijbiet (gaar) 85 mg
volkorenbrood 81 mg

Bron: Répertoire général des aliments, 2e druk, Tec et Doc, Lavoisier/INRA, 1995
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