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Physiology serum magnesium estimations may not provide representat-

Magnesium is the fourth most common cation in the bodﬂxe mformgﬂon on the status of other stores. )
Magnesium units are commonly expressed in mg, mmol

and the second most common intracellular cation after Eq. A method of ion is sh i Table 1
potassium. It has a fundamental role as a co-factor in mdfe M=d. A Method of ‘conversion Is shown in taple L.

than 300 enzymatic reactions involving energy metabolis hl”e th(_are |sdan absolute requwementEfXIrqmgg;gSlum, ]:[he
and nucleic acid synthesis. It is also involved in sever§fily estimated average requirement (EAR) is mg for

processes including: hormone receptor binding; gating | ma!es and 2,50 mg for malé¥:Rich sources of magnes-

calcium channels; transmembrane ion flux and regulati n _the diet include cereals and legumes, bu_t the
of adenylate cyclase; muscle contraction; neuronal activi{°c€SSing of the former may lead to marked depletion of
control of vasomotor tone; cardiac excitability; and neur nherent magnesium, leaving only 3-28% of the original

transmitter release. In many of its actions it has been ”kengaptenﬂm Magnesium "’TbSPrp“O” IS mver;ely proportional
to a physiological calcium antagonfst: to |ntaI§e and occurs prlnC|paIIy.from the ileum and (?olon.
The significance of magnesium and its relationship fgXCrétion and serum magnesium control occur via the
the origin of life has been traced from the composition gfidney. In common with other cations, magnesium is
the earth's crust (fich in iron—magnesium silicate) and tHitered at the glomerulus but differs in that reabsorption is
primeval ocean rich in magnesium, to the formation Jiredominantly in the ascending limb of the loop of Henle

chlorophyll with magnesium at the centre of the molecul@‘,nd not in the er’X'ma' convoluted tl_JbUI?' )
and finally to its incorporation into the animal cell containing 't has been estimated that magnesium intake has declined

adenosine triphosphate (ATP) with its dependence on may. more than half during this centufyAlthough modern

nesium? The central role of magnesium within the chlorof00d processing has caused loss of magnesium found in

phyll molecule and as a co-factor for the enzymes in tH‘@od, there are several other factors which have reduced

12 transphosphorylation reactions in photosynthesis makB&gnesium within the ecosystem as a whole. Acid rain
it probably the most important inorganic element in th§2USes exchange between magnesium and aluminium in the
production of food and fossil fuef. soil. This, coupled with intensive farming of the soils, has

In humans, less than 1% of total body magnesium lead to a reduction in magnesium within the food chain.
found in serum and red blood cells. It is distributed NiS has been implicated in a number of environmental
principally between bone (53%) and the intracellular coniSSUes: including the death of forests, and in lactating cows

partments of muscle (27%) and soft tissues (18%inety 2 condition variously known as grass staggers or spring
percent of this intracellular magnesium is bound to organjgtany whereby hypomagnesaemia causes twitching and

matrices. Serum magnesium comprises only approximatdfjer convulsions?

0.3% of total body magnesium, where it is present in three )

states—ionized (62%), protein bound (33%), mainly tbleasurement of magnesium

albumin, and complexed to anions such as citrate apdsessment of magnesium status is a complex area. Older

phosphate (5% Equilibrium between tissue pools ismethods such as serum magnesium estimation are criticized
reached slowly with a half-life for the majority of radiolabel-
led magnesium varying between 41 and 181 ddyBhaus This article is accompanied by Editorial 1.
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Magnesium: physiology and pharmacology

Table 1 Conversion table for magnesium units Table 2 Causes of magnesium deficiency
1 g of magnesium sulphate is equivalent to: e Reduced dietary intake
4 mmol, 8 mEq or 98 mg of elemental magnesium e Poor gastrointestinal absorption
e Increased losses from the gastrointestinal tract
Diarrhoea

because only 0.3% of total body magnesium is found inVemiting
M the sample could be affected by magngs e 4%
Serfh, Loreovsh P y g % [ncreased renal losses

ium from red blood cells (which have three times the Congenital or acquired tubular defects
magnesium concentration of serum) should haemolysi%&‘bﬁt‘f_s mellitus
. . . conolism
QCCUF. Urlnary magnesium estimates throthpm of magnesDrug-induced (diuretics, angiotensin converting enzyme (ACE) inhibitors,
ium, but does not focus on total body assessrehiow- aminoglycosides, amphotericin, cyclosporin and cisplatin)
ever, serum magnesium is used commonly and has a plagers
in the acute situation or for monitoring levels during therapy. Increased requirements (growth, pregnancy)
. . Excessive sweating
Normal concentrations are debated, but taking a mean

concentration of 0.860 mmol litré and assuming normal

distribution, a reference range of 0.76—0.96 mmoltitiean . . . .
5 . depletion. Of these the relationship between magnesium
be calculated? Red cell and muscle magnesium concentra- : 00 .
: ) ) ) and calcium has been the best documef&8d?°Absorption
tions have also been studied, but the relationships betwe . : X
. of both magnesium and calcium appears to be inter-related,
these and total body magnesium are unresolved. Anothe . L ! :
with concomitant deficiencies of both ions well described.

approach for assessment of magnesium status is urin%rycommon link is that of parathyroid hormone (PTH)

magnesium excretion. A 24-h estimation is of principal use : L .
S L : . .secretion of which is enhanced by hypocalcaemia. Hypo-
in identifying aberrant renal excretion with a normal dail S . 7
. agnesaemia impairs hypocalcaemic-induced PTH release,
urinary loss of 3.6 mmol for females and 4.8 mmol for =~ L . . :
6 . . . ._which is corrected within minutes after infusion of mag-
males?® A further refinement is the magnesium retention . . :
. i . nesium. The rapidity of correction of PTH concentrations
test. After a baseline 24-h urine collection, a parentera : : . .
A - .suggests that the mechanism of action of magnesium is
load of magnesium is administered and a further 24-h urine . . .
ehhanced release of PTHVlagnesium is also required for

collection obtained. Although there is no standardization o : o
the test, excretion of greater then 60—70% of the magnesit%:nrrﬁa sensitivity of the target tissues to PTH and vitamin D

. T . metabolites. In contrast, calciotrophic hormones (PTH and

load suggests that magnesium depletion is unlikely. This; =~ " :

test principally quantifies the major exchangeable pool gfllc!tonlr_l) have a profound effe_ct on magnesium homeq-
Stasis, with PTH release enhancing magnesium reabsorption

magnesium, such as bof. L . ._inthe kidney, absorption in the gut and release from F8fe.
Perhaps the most useful tests rely on estimation of ionized . : :
more fundamental interaction between magnesium and

magnesium in serum, blood or plasma. This is an area . .
other ions occurs at the cellular level. Intracellular calcium

expanding interest and has led to the development of ion- . . e .
. . concentrations are controlled within narrow limits, with
selective electrodesHowever, these are prone to interfer-

. : . transient increases rapidly giving way to a return to normal
ence from other cations, particularly calcium. A mor pIcly giving way

) . - ?ed/els. The release of intracellular calcium plays a key role
complex area is the assessment of intracellular ionize

magnesium (Mg*). Two methods that have receive  many cell functlons,_bgth basic .(celll division anq gene
eéPressmn) and specialized (excitation, contraction and

partlculgrlnterest recently are fluorescent probes and nuc'%ecretion)lﬁz A common pathway for the release of
magnetic resonanc&? ; . 2
intracellular calcium from many stimuli such as hormones,

. . growth factors and neurotransmitters is phospholipase C
Magnesium deficiency activation and hydrolysis of phosphatidylinositol 4,5-
Magnesium deficiency is common and is frequently multbiphosphate into inositol 1,4,5-triphosphatesjI¥ IP; acts
factorial. Epidemiological studies trace the prevalence b binding to the transmembrane slPeceptor causing
cardiovascular disease and cardiac deaths to the degreepgning of a calcium channel, which is part of the same
magnesium depletion induced by a diet and drinking watarolecule!® Magnesium acts as a non-competitive inhibitor
low in magnesium*® Magnesium deficiency has beerof the IP-gated calcium channel and of jFbinding.
demonstrated in 7-11% of hospitalized patients and is fouritierefore, it may be considered as an intracellular calcium
to co-exist in up to 40% of patients with other electrolytantagonist acting at §sensitive calcium release channels.
abnormalities, particularly hypokalaemia or hypophosphdt- may also have a role as a calcium antagonist at other
aemia and, to a lesser extent, hyponatraemia and hyjpge!l sites such as the ryanodine subgroup of calcium release
calcaemiad®’ The common causes of magnesium deficienahannel receptors in the sarcoplasmic reticuléifn.
are listed in Table 2, with renal losses accounting for the In addition to interactions with calcium, magnesium has
majority of cases. a marked effect on the regulation of transmembrane sodium

The co-existence of secondary electrolyte abnormalitiasd potassium movement. This area has been reviewed by
plays a key role in the clinical features of magnesiuBara, Guiet-Bara and Durlaéi.The importance of both
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Table 3 Treatment of magnesium deficiency and chronic fatigue syndrome where deficiency of magnes-
Emergency—i.v. route ium may cause excess activity at NMDA receptors, loss of
8-16 mmol immediately cell fluidity and decreased calcium release and eff¥ct.
40 mmol over the next 5 h In sports medicine, the effect of magnesium
Severely ill (i.m. route) supplementation has been shown to increase workload

48 mmol on day 1

17-25 mmol on days 2-5 duration and enhance membrane function (shown by

Other cases (oral route) decreased release of muscle enzymes into serum). The
15 mmol day?! effect of the former is postulated to be secondary to its role
as a co-factor in intracellular energy production. The latter

Mg*+ and extracellular magnesium ion concentratio%ffecns produced by binding of magnesium to the phosphate

(Mg*+,) are emphasized. Mg, blocks outward sodium groups of phospholipids on cell and organelle membranes,

and potassium currents whereas Mg generally has an thus stabilizing membranes from exercise-induced irfitiry.

activator effect on ionic transport, Both Mg; and Mg * Magnesium has a depressant effect on the release of
. ! ° . catecholamines. This has been studied in animals; magnes-

stimulate sodium—potassium ATPase at low concentrations )
S . : Ium obtunds some of the features of the porcine stress
and cause inhibition at high concentrations. : .
syndrome whereby transportation and slaughter induce
. hypermetabolic changes resulting in a reduction in pork
Magnesium therapy quality. The carcass muscles classically have PSE (pale soft
Magnesium dosage for replacement therapy is poorly undand exudative) syndron®In humans, neuronal hyperexcit-
stood and recommendations vary. A suggested procedaf®lity syndrome (NHS), the symptoms of neuromuscular,
is given in Table 3. Before administration, it is necessagutonomic and psychological excitability, can be relieved
to ascertain that renal function is adequate. The i.v. routéth the use of magnesiufd? The mechanism is attributed
should be used only in an emergency (such as hypomagnesinterference with storage and release of catecholamines.
aemic convulsions or life-threatening cardiac arrhythmidforeover, the situation in NHS can be exacerbated by
and treatment should be stopped if hypotension or bradyatecholamine-induced magnesium loss, further depleting
cardia occurs, if serum concentrations exceed 2.5 mntbk ion from soft tissues. The use of magnesium as an agent
litre~™ or if the deep tendon reflexes disappear. The orl decrease catecholamine release during phaeochromo-
route should be used wherever possible, although this rogtgoma surgery is discussed below.
takes six times longer for repletion to océdr(Other The use of magnesium in immunology has been studied:
references to magnesium repletion are given later in this allergic rhinitis and asthma it has been suggested that
article under the various sub-headings.) intracellular calcium concentrations increase in response to
Magnesium has had a suggested role in nearly evdgE stimulation leading to histamine release. This can be
physiological system. Key underlying mechanisms of actiantagonized by magnesiut¥f. In asthma, bronchospasm
are that of calcium antagonism via calcium channel&equiring increased intracellular calcium) is antagonized
regulation of energy transfer (such as the production abg magnesium. This is discussed below.
function of ATP, and controller of glycolysis and the Krebs Magnesium has been used as a therapeutic agent for
cycle in oxidative phosphorylation) and membrane sealirsgveral hundred years. Its earliest use was as a cathartic,
or stabilizatior! 149 200Thjs has led to several studies on théor which it is still used most commonly. Magnesium-rich
central and peripheral nervous systems, and cardiovascueaters (such as those of the Epsom Spa) have been thought
respiratory, endocrine and reproductive systems. In the be beneficial since the early 17th century. The dangers
nervous system, magnesium has a depressant effectofagxcessive magnesium intake were also recognized, with
synapses and has been used as an anticonvulsant. fhieefirst case of magnesium poisoning recorded in 1891
mechanism of action at synapses is related to competitiotmen 4 ounces of Epsom salts caused complete muscular
between calcium and magnesium in the stimulus—secretiparalysis in a 35-yr-old womatt.There are a large number
coupling processes in transmitter releds&he most well of theoretical benefits of magnesium therapy, from laxative
described of these is presynaptic inhibition of acetylcholirend antacid therapy to cytoprotection for organs destined
release at the neuromuscular junction. Its action as for transplantatiori/ However, the use of magnesium in
anticonvulsant is secondary to magnesium antagonismodistetrics and cardiology provides the most compelling
N-methyl p-aspartate (NMDA) receptofd® These are a evidence. These areas, together with other current interest
subgroup of glutamate receptors, stimulation of which is magnesium therapy, are now discussed in greater detail.
known to lead to excitatory postsynaptic potentials (EPSP)
causing seizures; magnesium has been used successfully . . .
as an anticonvulsant in eclamp&.However, in other Magnesium in obstetrics
circumstances it appears to be a much less effective anticédagnesium sulphate has been advocated for the treatment
vulsant. Other more speculative areas where magnesiofiboth pre-eclampsia (a multi-system disorder characterized
may have a role are in dementia, restless legs syndroime hypertension, oedema and proteinuria) and eclampsia
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(the association of one or more seizures with pre-eclampspjenytoin groups but the difference was not significant.
since 19061 More recently it has been recommended @Bhe magnesium group were less likely to require intensive
a tocolytic. In the USA, it is the most common drug forcare facilities or develop pulmonary problems, and their
the treatment of convulsions associated with eclamidéia,babies were significantly less likely to require special care
but is used less commonly in the UK where diazepam affakilities or intubation than the phenytoin group.
phenytoin are the two main choic&owever, randomized, This study has been acclaimed widely as a landmark in
prospective studies of its use were limited until the Eclampaulticentre research, and as an example of what can be
sia Trial Collaborative Group reported the results of achieved with limited hospital resources and skills. Not
multinational study showing a beneficial effect of magnesnly this, but the high significance level of the results has
ium sulphate over diazepam or phenytoin in eclamp&ia.led to a number of editorials in the UK demanding the
However, there is little direct evidence for a beneficidhstatement of magnesium sulphate over other therapies in
effect of magnesium sulphate in pre-eclampsia. eclampsia. The ‘time of reckoning’ for magnesium sulphate

) is now here® 141
Eclampsia
Eclampsia is believed to complicate 1 in 100 to 1 ifre-eclampsia
1700 pregnancies in developing countries and 1 in 200@hile the evidence for the use of magnesium sulphate in
pregnancies in Europe and the developed wttfd%In the eclampsia is strong, there is less support for a prophylactic
last UK figures, it was a contributing factor in 15% ofor therapeutic role in pre-eclampsia. First, the proportion
direct maternal deatf and world-wide caused 50 000of women with pre-eclampsia who progress to eclampsia
deaths per yedp. The mortality rate varies from 2 to 598. is very small, making it difficult to produce a study with
Magnesium sulphate has been the first-choice drug in thggh enough power to detect differences. Second, the side
USA since the 1930s for controlling the first fit and foeffects of any treatment must be borne in mind when
preventing further fit33” yet only 2% of UK obstetricians conducting a study in which only a small proportion of
admit to having used 2 The use of magnesium in theparticipants are likely to benefit. By examining studies of
USA was largely founded on uncontrolled reports untthe rate of progression from pre-eclampsia to eclampsia
recently. However, there are now three randomized, coafter magnesium sulphate use, it has been calculated that if
trolled studies that support the use of magnesium magnesium sulphate reduced the rate of eclampsia by 50%,
eclampsia. 675 patients would have to be treated to prevent one

Crowther compared diazepam with magnesium sulphatenvulsion?® A more recently published study has demon-
in 51 eclamptic patient® The study showed an associatiorstrated that magnesium may have a role in patients with
between the use of magnesium and less serious morbidigvere pre-eclampsia, when the number of women who
(convulsion recurrence, acute renal failure, cardiopulmonangeded treatment with magnesium to prevent one convulsion
problems and disseminated intravascular coagulation) s 3433
these differences were not significant. There was a signific-There have been several recent randomized studies which
ant increase in the number of infants born with Apganay show some further beneficial effects of magnesium
scores of less than 7 in the diazepam group. The secauphate in pre-eclampsia. Belfort and Moise showed a
study compared magnesium sulphate with phenytoin in 2&nificant reduction in the pulsatility index of the middle
eclamptic patienté? This was terminated early when four ofcerebral artery (assessed by Doppler ultrasonography) in
11 patients in the phenytoin group had recurrent convulsiosix patients with pre-eclampsia given a bolus dose of
compared with none of 11 in the magnesium group. magnesium sulphate 6 g i.v., compared with six similar

The study that provides the most compelling evidengeatients given placebt.The carotid artery waveforms were
for the role of magnesium in eclampsia is from the Eclampsimaltered by magnesium sulphate. Their interpretation was
Trial Collaborative Group (ETCG), co-ordinated by thehat the reduction in pulsatility index of the middle cerebral,
Perinatal Trials Service in Oxfork$8 In total, 1687 women as opposed to carotid arteries, was a result of relief of
with eclampsia from 28 centres in South America, Indimasospasm in the distal cerebral circulation. They have
and Africa were included in a randomized study comparirfgund similar results for the retinal circulation in pre-
magnesium sulphate with phenytoin in one limb of theclampsia. However, these were small studies and interpreta-
study, and magnesium sulphate with diazepam in the othim of pulsatility indices is difficult without some indication
limb. Magnesium sulphate was given i.v. in a loading dos# the effects of magnesium sulphate on cardiac output,
of 4 g, with subsequent doses given by i.v. infusion or i.nwhich was not measured.

The results showed that women given magnesiumAs mentioned above, large sample sizes would be needed
sulphate had a 52% lower relative risk of developintp show a beneficial effect of any treatment in terms of
recurrent convulsions compared with those given diazepaaducing the rate of progression from pre-eclampsia to
(13.2%vs 27.9%), and a lower relative risk of recurreneclampsia. In a large study, women with pre-eclampsia were
seizures (5.7%s 17.1%). Maternal mortality was reducedallocated randomly to receive either magnesium sulphate or
in the magnesium group compared with the diazepam apdenytoin as prophylaxis against developing eclamiSia.
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The results showed that 10 of 1089 women given phenytdimemorrhagé Conventional strategies for obtunding the
developed convulsions compared with none of 1049 givérypertensive response to intubation, sucp akck, topical
magnesium sulphate. In other respects, maternal and inflotal anaesthesia, opioids and vasodilators appear to be less
outcomes were the same and the groups were similardffective in pre-eclampsi¥? Magnesium sulphate has been
terms of other treatments received. The study was stoppgtbwn to obtund the hypertensive response to intubation in
early because it was felt that phenytoin might be havingpatients with pre-eclampsia. Allen, James and Uys showed
harmful effect. Of even greater interest was the group ab increase in systolic arterial pressure for 5 min after
women who declined to consent to take part in the studptubation in women pretreated with magnesium sulphate
Only one of 1300 such women developed a convulsiod) mg kg! or alfentanil 10pug kg2, but a significant
which would cause most people to question the validity dficrease in women pretreated with lidocaine 1.5 mgtRg
prophylactic treatment in pre-eclampsia. Neilson points oBbth magnesium sulphate and alfentanil had side effects
that as only 0.5% of the women in the study went on tat these doses, with magnesium causing tachycardia and
have convulsions, the estimated rate of 5% of pregnaaifentanil causing neonatal depression and failing to control
women receiving anticonvulsant treatment in the USA &rterial pressure in 25% of patients. Ashton and colleagues
surely far too higH?” given the possible side effects ofshowed even better control of arterial pressure and heart
treatment. Unfortunately, there are still no certain predictorate with a combination of alfentanil 7.5g kg* and

of which pre-eclamptic women are likely to progress tanagnesium sulphate 30 mgRgwithout causing significant

eclampsia. neonatal depressidd.The mechanism of action appears to
) ) ] ) be inhibition of catecholamine release from the adrenal
Action of magnesium sulphate in eclampsia medullé* with epinephrine concentrations unchanged from

The precise site of action of magnesium sulphate in eclampaseline and a significant decrease in the increase in
sia is not known. Experimentally, magnesium has bee@mrepinephrine concentrations compared with conftols.
shown to block the NMDA subtype of glutamate channel . . .
through which calcium enters the cell and causes neuroﬂ\‘!;ﬁlemo_dynamIC effects of magnesium sulphate in
damage during cerebral ischaer&147Ischaemia leads to OPstetrics
lowering of the transmembrane potential allowing calciurilagnesium sulphate may have beneficial haemodynamic
ion influx across the membrane and from the endoplasn@tfects in pre-eclampsia. In a study comparing 15 patients
reticulum and mitochondria. This leads to further calciurwith pre-eclampsia with 11 patients in preterm labour before
influx as membrane phospholipids are hydrolysed by actignd after a high dose magnesium sulphate bolus and
ated enzymes. Magnesium blocks calcium at intracellularfusion, it was found that patients with pre-eclampsia had
sites in addition to the outer lipid membrane. This coulhcreased baseline systemic vascular resistance almost twice
make it superior to conventional calcium antagonists thttat of the preterm labour patients, and a concomitant
act only on the outer membrane. Magnesium has besmduction in cardiac index. For the figsh of themagnesium
shown to protect hippocampal cell cultures from an&%ia sulphate infusion, systemic vascular resistance decreased
and glutamat&® and has also been shown to prolong thand cardiac index increased in pre-eclamptic patients, but
ischaemic time before irreversible cell damage in the rabliithad little effect in preterm labour patient®
spinal cord’’ Direct neuromuscular block has also been The uteroplacental unit may also be affected favourably
suggested as a mechanism of action in eclampsia, but thismagnesium sulphate. Gravid ewes receiving magnesium
seems unlikely as serum concentrations well below thoselphate towards the end of gestation showed a decrease in
needed to suppress neuromuscular transmission exert amg&an arterial pressure but an increase in uterine blood flow
eclamptic effects. and fetalPay,’® In humans, fetal heart rate variability
Pathological findings from brains of patients with eclampitero showed no significant change during infusion of
sia reveal evidence of cerebral vasospasm; these findimgagnesium sulphate and only a small increase after a bolus
have been backed by cerebral angiography and CT findingisse was given to pre-eclamptic patietfts.
and agree with findings in the systemic vasculaiife. Anaesthetists will be particularly concerned by the
Calcium and magnesium act as antagonists of each otheemodynamic effects of magnesium sulphate when given
in blood vessel tone regulation. Increases in calcium ion the presence of regional local anaesthetic block. Studies
concentration cause vasospasm which is reversed by mamg-gravid ewes showed a significant decrease in mean
nesium and worsened by lowering magnesium concesrterial pressure in ewes receiving an infusion of magnesium

trations? sulphate compared with controls given an infusion of saline,
) ] ] after epidural block with lidocaine to the T10-11 sensory
Magnesium and tracheal intubation level. However, maternal cardiac output and uterine blood

Tracheal intubation of patients with hypertensive disordeflow remained at baseline levei® In a later study by the

in pregnancy causes marked increases in systemic artesalime group®lgravid ewes were given magnesium sulphate,
pulmonary arterial and pulmonary capillary wedge pressuras epidural to thoracic sensory levels and were then treated
leading to increased risks of intracerebral hypertension anith ephedrine, phenylephrine or normal saline. In contrast
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Table 4 Treatment regimens in eclampsia arrest!> As magnesium is cleared by the kidneys, extra
Magnesimn 4 g i.v. over at least 5 min, followed by either: caution |s.needed in renal failure. In the Eclampsia Trial
(a) l.v. infusion of magnesium 1g-hfor 24 h after the last fit or Collaborative Groups study, the magnesium dose was halved
(b) Magnesium 5 g i.m., and then magnesium 2.5 g i.m.yeden until 24 h if yrine output decreased to less than 100 mldnd there
after the last fit h . f . Alth h d
Recurrent fits may require an additional bolus of 2—4 g i.v. were no other signs '0 toxicity. t OUQ_ no untovyar
events were reported in the study from this strategy, in the
presence of renal failure, monitoring of serum concentra-
to their earlier study, epidural block after magnesiurtions might be of benefit.
sulphate caused a decrease in cardiac index and uterine

blood flow in addition to mean arterial pressure. This wadlagnesium sulphate in tocolysis

reversed only by ephedrine, while uterine systemic vasculgignesium has been used for nearly 40 yr to treat premature
resistance and fetal pH were Worseneq by p_henylephrirpgf)Our and is the most commonly used agent in the YSA,

In a study of 11 severe pre-eclamptic patients alreagy,t evidence for its use is unconvincing. In a recent review,
receiving magnesium sulphate, lumbar epidural analgegjgcones and colleagues examined the evidence comparing
resulted in a significant decrease in mean arterial Pressyk8drine, beta agonists and magnesium. Compared with
but no change in cardiac index, pulmonary vascular reS%cebo, magnesium was no better in achieving a delay in
ance, central venous pressure or pulmonary capillary we ivery, although ritodrine, beta agonists and magnesium
pressuré?? It was also noted that these patients had supigere comparable in achieving clinically significant toco-
normal cardiac indices before epidural block which Majysis 110 |n addition, when used in the prior treatment of
have been caused by magnesium sulphate. pre-eclampsia, magnesium did not prolong or affect duration

Magnesium sulphate may have beneficial effects Qff |abour, although it necessitated a higher dose of
both maternal and uteroplacental haemodynamics in P&Xytocin19

eclampsia, and regional block appears safe in the presence
of magnesium sulphate.

Magnesium in cardiology
Treatment regimens and monitoring Magnesium has been studied extensively in cardiology. The
Although there have been many different treatment regimeffiee areas of particular relevance to anaesthetists are
over the past 70 yr for the use of magnesium sulphate fityocardial infarction, arrhythmia and cardiac surgery.
pregnancy, it is now being suggested that the regimens used ) o )
in the Eclampsia Trial Collaborative Groups study shoulflagnesium and acute myocardial infarction
be used as standard, as they have been proved to prodaterest in the therapeutic potential of magnesium in the
a beneficial effect without risk of side effedfs.These management of patients with acute myocardial infarction
regimens are the i.m. regimen described by Pritcharf@MI) followed reports of decreased arrhythmias and
Cunningham and Pritchal® and the i.v. regimen describedimproved survival from uncontrolled studies in South
by Zuspar?®! and are shown in Table 4. Although magnesAfrica, Australia and Europe. Epidemiologists later noted
ium slightly increased bleeding times in pre-eclampsighat patients dying suddenly from ischaemic heart disease
which may in theory make the risk of post-partum haemo(tHD) had lower concentrations of myocardial tissue mag-
rhage (PPH) and epidural haematomata more liethe nesium and potassium than controls (death after acute
ETCG showed that there was no increase in PPH, and tneuma$® and that there was a greater proportion of deaths
risks are probably very small. in cities with soft water, which is relatively lacking in
Monitoring of serum magnesium has been used to assasagnesium and calciufi.The results of randomized studies
therapeutic concentrations and adverse effects. Target seiene generally inconclusive and the possible benefits of
concentrations have been suggested to range from 2ntagnesium in AMI were not evaluated on a large scale.
4 mmol litre™}, 141 with side effects such as loss of reflexe®espite major advances in the management of AMI in
and respiratory depression occurring at concentrations retent years, there has been little impact on deaths resulting
more than 5 and 7 mmol litr& respectively. However, from cardiogenic shock. Attempts to improve current strat-
serum monitoring was not undertaken in the Eclampsia Triagjies, to search for less expensive therapies and new
Collaborative Groups study, but data on similar regimeridence that magnesium may be an effective pharmaco-
suggest that serum concentrations of magnesium woldgjical agent for the treatment of reperfusion injury have
have been less than 2 mmol litté>® The results of this lead to a renewed interest in this agent.
study suggest that serum monitoring may be of little benefit Magnesium has many functions which could be of
and that therapeutic serum concentrations may be wigiportance in AMI, not only in ischaemic—infarcted tissue
below previously accepted values. Monitoring of patelldsut also during reperfusion (whether spontaneous,
reflexes and ventilatory frequency may be of equal bengfiharmacological or by angioplasty). During ischaemia,
to monitoring serum concentrations, as loss of the patellaerobic metabolism ceases and intracellular ATP is depleted.
reflexes occurs well before respiratory depression a®d the majority of ATP within the cell is in the form of
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the magnesium salt, cellular magnesium is also depletdyy. inhibition of platelet function at high concentratidfis
Moreover, anaerobic metabolism leads to intracellular acidnd stimulation of the release of prostacyclin from vascular
osis and an increase in mitochondrial uptake of calciuendothelium. Thrombus formation is also modified by
which further inhibits ATP synthesis. Calcium overload iadministration of magnesiufn.

central in ischaemic myocardial cell death and this is Given the effects of magnesium in terms of vasodilatation,
exacerbated during reperfusion. Magnesium administratignproved contractility, limitation of infarct size, reduced
may provide cellular protection during ischaemia. Magnesrequency of arrhythmias, coagulation modification and
ium drives calcium into the sarcoplasmic reticulum, reducgympatholysis, it is not surprising that magnesium therapy
mitochondrial calcium overloadl and competes with cal- has been studied extensively in the context of AMI. More-
cium for binding to troponin C. Magnesium also inhibitssver, AMI may markedly reduce magnesium concentrations
calcium influx into myocytes and thus prevents increas@$ some patients over the first 24—48 fThe decline in

in intracellular concentrations of calcium which are knowgerym magnesium with the onset of chest pain is probably
to be detrimental to cellular function. Magnesium helps teaused by uptake of magnesium into adipocytes to form
conserve cellular ATP as the magnesium’dalhd therefore soaps as a result of catecholamine-induced lipolysis to
preserves energy-dependent cellular activity, particularly ffee fatty acids. Magnesium deficiency may predispose to
the face of adrenergic overstimulation occurring duringyocardial irritability and contractile failure of the heart as
ischaemic ~ episodes. Other beneficial effects incluggis essential for the replenishment of ATP. It is likely that
improvement of the contractile response of stunned myocgfth acute and chronic depletion of extracellular magnesium
dium®® and limitation of infarct siz& by a mechanism yet gra harmful to the myocardium in the setting of AMI.

to be elucidated. Infusions of magnesium increase tghether magnesium therapy is merely replacing a deficit
threshold for electrical excitation of myocardial céisThe or acting as a pharmacological agent is pivotal to our

likelihood that an injury current will create an abnormabnderstanding of magnesium therapy.
focus near ischaemic or infarcted tissue is reduced byTwo studies concerning the use of magnesium and

magnesium, and as a co-factor for SOd'um_pomss'uerrtality after AMI predated the introduction of thrombo-

ATPasle, ng)agpesmm mk_nblths cellular pOtaS?'umhloi%\%h"fyrEis. Horner reported that i.v. administration of magnesium
may also be important in the prevention of arrhyt - was associated with a 49% reduction in the incidence of

Magnesium may also reduce reperfusion injury bylnhll:)mngentricular tachycardia (VT) and ventricular fibrillation

calcium overload and laboratory studies indicate that MAaGIEY and that there was a smaller non-significant reduction

nesium may prote_ct cells from fre_e radical daméﬁje. '&n the incidence of asystole and electromechanical dissoci-
Many of the actions of magnesium have been likened tQ.

. ; . . ation (EMD) in the treatment groups. Overall, there was a
calcium antagonisrit When infused, magnesium causes L . . . . .
. : : : % reduction in mortality associated with administration
decrease in peripheral resistance of approximately 20-3 >

) - ) . . . “magnesiunf® Teo and colleagues also demonstrated that
in association with a secondary increase in cardiac ind
of 25%, with little change in arterial pressure or heart rat

§éministration of magnesium was a safe and effective
Inhibition of the sinus node by magnesium is probabl

ethod of reducing arrhythmias and mortality in AR
offset by inhibition of acetylcholine release at the vagal o' c" suggested that the anti-arthythmic effect of magnes-
nerve terminals. Gomez has recently compared publish

I was the main mechanism by which it reduced mortality.
data on the haemodynamic effects of magnesium administraMore recently, the results of two much larger studies
tion in awake subject® Coronary vasodilatation was"@ve been published. In 1994, in the Second Leicester
accompanied by a significant increase in coronary perfusidRtravenous Magnesium Intervention Trial (LIMIT 2), 2316
Clinically, i.v. magnesium suppressed exercise-induc®@tients with AMI wer4e allocated randomly to receive
angina caused by coronary artery spasm by improvifgagnesium or placebid: Treatment consisted of magnes-
regional myocardial blood floW. ium 8 mmol over 5 min, before thrombolytic therapy,
Magnesium inhibits basal, myogenic and hormondollowed by 65 mmol as an infu_sion over the next_24 h.
induced smooth muscle contraction and also has a dir&&fum magnesium concentrations were approximately
vasodilator effect Magnesium blocks calcium entry intodoubled for 24 h after admission but returned to normal by
vascular smooth muscle cells via voltage- and receptd8 h. There was a 24% relative reduction in mortality after
operated channels and it diminishes the reactivity of thed8 days (10.3%vs 7.8%) and a 25% lower incidence of
cells to a variety of pressor agents. In the same Wd?,ft ventricular failure (LVF 14.9%vs 11.2%) in the treat-
magnesium competes with calcium to inhibit the contractiment group. There was no difference in the incidence
ity of coronary arteriesln vitro withdrawal of magnesium of hypotension, arrhythmias (particularly early VF) or
increases coronary artery tone and potentiates the contradéiguirements for anti-arrhythmic agents. The reduction in
response to angiotensin, 5-HT, norepinephrine, acetylchbMF was associated with a corresponding reduction in
ine and potassiuf’® Magnesium has other importantmortality from IHD over a mean follow-up period of 2.7
actions within the context of AMI, such as inhibition ofyr.1®® Side effects of treatment included an increase in
release of catecholaminésit also modulates coagulationbradyarrhythmias and skin flushing on administration. The
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conclusion of this study was that early i.v. magnesium isies proven benefit on outcome. Shechter and colleagues
useful addition to standard therapy in AMI. performed a study to assess magnesium therapy in patients
However, the publication of ISIS 4 in 1995 showed navith AMI not receiving thrombolysis: 194 high-risk patients
benefit of magnesium therapy in a study population afnsuitable for thrombolysis were allocated randomly to
58 5008 In addition to magnesium, patients were allocategtceive magnesium or placebd. Therapy was started a
randomly to receive thrombolytic therapy, captopril omean of 5 h earlier than in the ISIS 4 study and there was
mononitrates. The results showed a trend towards incread&@o mortality in the placebo group compared with 4% in
mortality at 35 days with an excess incidence of cardiogertite magnesium group. Ejection fraction was higher at 72 h
shock and heart failure in the magnesium group (7¥6% in the magnesium group than in those given placebo and
7.2%) although there was a significant reduction in thiée high mortality in the placebo group was caused mainly
early occurrence of VF. No benefit was seen in the treatmdit myocardial failure. These data support the hypothesis
group across all major subgroups, whether they were treatbdt magnesium is cardioprotective in AMI.
early or late and whether or not they received thrombolysis. It would appear that the beneficial effect of magnesium
In this study, however, thrombolytic therapy was given anid AMI is not suppression of life-threatening rhythm disturb-
lysis completed before treatment with magnesium in contraatces but myocardial protection, particularly during reperfu-
to LIMIT 2 where they were given concurrently. sion!®* as evidenced by a 25% reduction in LVF in the
These differences in the results between LIMIT 2 andleatment group in LIMIT 2 and the results of the study of
ISIS 4 have led to some confusion as to whether or n8hechter and colleagues. It is not clear if antiplatelet effects
magnesium should be administered routinely as first-lirsmd improved coronary perfusion are important but it would
therapy during the acute phase of myocardial infarctioappear that afterload reduction resulting from administration
Clinically important differences have been noted betweeaf magnesium is probably too brief to be clinically import-
the two studies and in some of the small earlier studiesnt. Despite large studies examining the effect of magnesium
There are differences in the time of administration afn outcome after AMI, clear recommendations for its use
magnesium and its relationship to thrombolytic therapwgre still lacking. Antman reviewed all randomized controlled
variation in the doses administered in the first 24 h argtudies of magnesium in AM# He concluded that patients
duration of magnesium therapy, and differences in patieat low risk of mortality from AMI and who benefit from
risks in control and treatment groups. thrombolysis and aspirin probably gain little benefit from
If magnesium protects the contractile function of thenagnesium therapy. In high-risk patients who may not be
myocardium from reperfusion injury, then the timing ofuitable for thrombolysis, magnesium appears to be useful.
administration may be important. During the first fewn a commentary in theancet Cassells stated that patients
minutes of reperfusion, calcium accumulates in the myocawith subnormal magnesium concentrations should be given
dium, in particular in the mitochondria, and there is depletiomagnesium in AME® Administration of magnesium
of high-energy phosphates and contractile dysfunction. Fb® mmol as an i.v. bolus after oral aspirin should be
protection to occur, magnesium concentrations must btandard for all patients seen withé h of theacute event,
increased before reperfusion occurs. The timing of magnes«cept those with hypotension, bradycardia or AV block.
ium administration in relation to either spontaneous reperf@verall, the treatment of AMI patients with magnesium is
sion or after thrombolysis is likely to be critical. Thedebatable. If it does have a place, evidence to date supports
therapeutic time window for modifying the external concenits administration before spontaneous reperfusion or
tration of magnesium is probably confined to the first 1thrombolysis and in high-risk patients.
2 min of reperfusion; it has been shown that the beneficial ) )
effects of magnesium are diminished when it is administerdd@gnesium and arrhythmias
1 h after reperfusiof® DuToit and Opie demonstrated in aExtensive investigations, both in the laboratory and in
rat model that magnesium attenuated calcium influx onbfinical studies, have been undertaken to define the role of
when administered within 15 min of reperfusithHence magnesium in the genesis and treatment of cardiac
magnesium should probably be given before thrombolytarrhythmia. While both atrial and ventricular arrhythmias
therapy. Those patients not given thrombolysis shoulsve been associated with hypomagnesaétias relation-
receive an infusion of magnesium to maintain high seruship is complicated by the poor correlation between serum
concentrations when spontaneous reperfusion is most likelgd myocyte magnesium concentratiris® and the close
to occur. Also, the mortality of the control group influencemteraction of magnesium with potassium metabolism. The
the perceived benefit from the treatment: in ISIS 4, thmultiple roles of the magnesium ion in cardiac muscle has
mortality of the control group was very low whereas theonfounded interpretation of available data on hypo-
higher control group mortality in LIMIT 2 may be becausenagnesaemia as a cause or precipitant of arrhytftnia.
fewer control subjects received thrombolysis or aspirin.  In a review of arrhythmias associated with hypomagnes-
In both LIMIT 2 and ISIS 4, a proportion of patientsaemia, Millane, Ward and Camm found that concurrent
received thromobolytic therapy. In general, only about onéypokalaemia was a consistent featthf&Causes of magnes-
third of patients with AMI receive this treatment, despitéum and potassium depletion are similar and hypomagnesae-
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mia results in renal wasting of potassium. There appears'@'e 5 Treatment of cardiac arrhythmias with magnesium
be no evidence that isolated hypomagnesaemia is Pfgcations:
arrhythmic or that myocardial magnesium depletion precip-Emergency treatment of:
itates arrhythmias, but it may exacerbate potassium-medi- Egg E‘_’fsadef de _?O'mes
. . . . e igoxin toxicity

ated ar'rhythmlas. by a complex interaction which mOdIer'S (c) Any serious atrial or ventricular arrhythmia, especially when
the action potential. In most reports of hypomagnesaemic- hypokalaemia co-exists
related arrhythmia, there is a good response to magnesinege:
therapy which is sustained when both potassium and mag? 9 over 10-15 min

. . . L. Repeat once if necessary
nesium concentrations are normalized and it is recom-
mended that both potassium and magnesium are

administered for rapid control of arrhythmias associate : . .
with potassium depletion. The mechanism by which maaﬁter the arrhythmia stopped, then 30 mg rhifor 90 min

esium acts is brobably by slow | 4 calcium vice daily for 3—4 days}3 In all patients, the arrhythmias
nesium acts IS probably Dy SIow inwar ium curre isappeared after 20-30 min of magnesium infusion. There

b.Iock,.wh|ch ((jjegreases sm:\s/nodg rate}prolorjgs A Cc.)rr]]ducere no documented adverse side effects, and heart rate
tlrr?;}ogrgr?ar?ges Iirr]lc\r/eei?r?c?ular pr;:;stia()kr)%{/actor|ness withoh, QT interval r.emained unchanged from bgseline val_ues.
' None of the patients was hypomagnesaemic at the time.
Atrial arrhythmias The mechanism of action of magnesium is not clear as it
Wesley and colleagues described the effect of a single bohas no effect on heart rate or QT interval, which suggests
dose of magnesium 2 g in supraventricular tachycarditisat it does not shorten delayed repolarization of the
and demonstrated slowing or termination when the AV nodayocardium. However, magnesium is ineffective in poly-
was part of a re-entrant circuit in seven of 10 patiéfits. morphic VT not associated with long QT intervalsThis
However, in a later study, adenosine was significantly bettarea has been reviewed recently by Ro#&n.
than magnesium at terminating induced tachycardias, acti

IEgrdiac i

. . glycosides

by anter_o_grade A nod_al block whereas with magnes_uun}he cardiac glycosides, which inhibit membrane-bound
no specific mode of action was evidéft.Nevertheless, in

” . . . : sodium—potassium ATPase, are used in the treatment of
critically ill patients, magnesium was more effective than, . . o .
- atrial arrhythmias but toxicity can also be arrhythmogenic.

amiodarone in conversion of acute atrial tachyarrhythmi 7 X
agnesium is a co-factor for this enzyme. Normomagnesae-

although slowing of ventricular rate in non-converters was. ~. . o P .
. 1 mia is essential for digoxin to be effective in controlling
the same in both grougs!

atrial arrnythmiasg; and hypomagnesaemia facilitates digi-
Ventricular arrhythmias talis-induced arrhythmias which may be terminated by
Magnesium has been used successfully in the treatmeniadiministration of magnesiuft® Young and colleagues
ventricular arrhythmias associated with AMI, long QTstudied 81 patients with and without digoxin toxicity and
syndromes and digoxin toxicity. Ventricular arrhythmiasfound that subjects with toxic symptoms had lower serum
particularly following AMI, are not well established asand monocyte magnesium concentrations than those with
being related to low magnesium concentrations, whereas evidence of digitalis toxicit}?® The mechanism by
the evidence linking ventricular arrhythmias and hypokalagshich magnesium depletion increases the risk of digoxin
mia is substantial3® The place of magnesium therapytoxicity is uncertain. It might be anticipated that in the
also awaits confirmation, but it has been successfulpresence of hypomagnesaemia, inhibition of Na—K ATPase
demonstrated to increase the threshold stimulus requiredbyo digoxin is inhibited and magnesium therapy should
provoke either VT or VB! and magnesium has beerreactivate the enzyme. However, animal studies suggest
incorporated into the algorithm for management of broatiat magnesium has a direct membrane stabilizing effect
complex tachycardia in the Resuscitation Council Advanceah the cell membran?
Life Support Manual (1994). The recommended dose in Overall, the relationship between magnesium and the
this situation is 10 ml of a 50% solution of magnesiungenesis and treatment of atrial and ventricular arrhythmias
sulphate given over 1 H? is far from clear. It has an established place in the treatment
However, the use of magnesium as a first-line drug iof long QT syndromes and digoxin toxicity (Table 5).
the treatment of polymorphic ventricular tachycardia cadowever, i.v. magnesium should be considered for all
be associated with marked prolongation of the QT intervedfractory arrhythmias, even in the presence of normal
(torsades de pointes). Tzivoni and colleagues reported $@um concentrations, particularly if the patient has been
successful use of magnesium in three patients with drugceiving digoxin and diuretic¥. Caution should be exer-
induced torsades de point€§Despite normal serum potas-cised in administering magnesium to patients with com-
sium and magnesium concentrations, all patients respongedmised renal function, bradycardia and atrioventricular
to i.v. boluses (1-2 g) of magnesium. Perticone, Adinolonduction abnormalities. Further evidence of the use of
and Bonaduce reported a further six cases of torsadesniagnesium comes from the MAGICA study where the
pointes treated with magnesium (50 mg mimntil 2 h  prophylactic use of oral magnesium and potassium was
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evaluated: a 50% increase in intake over 3 weeks of themargery?® One hundred patients were included in a placebo-
two minerals in patients with frequent and stable ventriculaontrolled, double-blind study of magnesium chloride
tachyarrhythmias resulted in a significant anti-arrhythmit6 mmol given during operation after termination of CPB;
effect, although supraventricular tachyarrhythmias arid% of the treatment group had ventricular arrhythmias

patient symptoms remained unchang&d. compared with 34% in the placebo group. Magnesium-
) ) treated patients also had higher cardiac indices and were
Magnesium and cardiac surgery less likely to require prolonged mechanical ventilatory

Patients undergoing heart surgery are at risk of magnesisopport. Recently, the study of Jensen, Alstrup and Klitgard
deficiency because of pre-existing diuretic therapy and heprovided further evidence for the use of magnesium for
failure 1" Hypomagnesaemia is common after cardioputardiac surgical patients: there was a reduction in the
monary bypass surgery (CPB) and may contribute to posidration of atrial and ventricular arrhythmias, although
operative arrhythmia%lts administration has been showmot the overall number of patients developing these
to decrease the occurrence of postoperative hypomagnesagiythmias’? Liebscher, Shapiro and Barner showed that
mial83 Opinion is divided as to whether or not there is apatients in whom adenosine triphosphate—magnesium chlor-
association between adverse events and low magnesid@was administered after cardiac surgery had higher cardiac
concentratior 174in cardiac surgical patients. indices than patients treated with sodium nitroprusside, and
A decrease in magnesium in patients undergoing CRBiggested that the cardioprotective effects of magnesium
was recognized nearly 30 yr adtf. More recently, Satur were responsible for improved myocardial performance in
and colleagues evaluated the patterns of magnesium défe magnesium treated grof{§.More recently, refractory
ciency that develop during and after CPB without cardiczardiogenic shock after cardiac surgery resolved promptly
plegial®! Haemodilution at the start of CPB caused a 17%fter administration of magnesiutf?
decrease in plasma magnesium which persisted until theDespite this, there is evidence suggesting that administra-
first postoperative day, but by day 5, the concentration héidn of magnesium may be detrimental. Parikka and col-
increased to almost 20% greater than the preoperative valiegagues suggested that correcting the postoperative decline
The content of magnesium in cardiac muscle decreasedibymagnesium by infusing 70 mmol on the first 2 days after
13%. Fluxes in plasma magnesium concentration weoperation did not reduce the incidence or relapse rate of
reflected in the pattern of urinary excretion. They describedrial fibrillation!3® They found that patients with high
three patterns of magnesium depletion: haemodilution, intreerum magnesium (treatment group) had AF more frequently
operative cellular depletion and postoperative cellular deplend that supra-physiological concentrations of magnesium
tion. Suggested causes were a bypass prime low led to a slowing of sinus rhythm rate that may predispose
magnesium, intermittent ischaemia and release of intracelto-AF. Hecker and colleagues indicated that administration
lar magnesium by catecholamine-indud&ceceptor stimu- of magnesium was deleterious because more DC higher
lation. Turnier and colleagues demonstrated a significagtiergy shocks were required to defibrillate the heart after
increase in magnesium concentration in pump samples af@®B than when magnesium is not givén.
CPB compared with pre-bypass levels and suggested thafAnother area of interest is the use of magnesium in
catecholamine-induced lipolysis and FFA chelation of magardioplegic solutions. Effective myocardial protection is
nesium may contribute to low circulating concentratidffs. an essential part of successful cardiopulmonary bypass
Brookes and Fry found that at 24 h after CPB, plasma ionizégchniques. A variety of magnesium-containing cardioplegic
magnesium was reduced significantly with no change solutions have been studied experimentally and clinically
total magnesium? They suggest the presence of a magnesgsth regard to their efficacy as cardioprotective agents. The
ium binding ligand of unknown origin in the plasma whichSt Thomas’ solution has been subject to the most detailed
may be related to solutions used after operation, such asalysis. The cornerstone of myocardial preservation is a
hetastarch or an acute phase protein. reduction in energy requirements of the ischaemic myocar-
The effect of prophylactic administration of magnesiundium. In 1976, Hearse, Stewart and Braimbridge investi-
during the perioperative period has been a subject gated the extent to which various protective agents could
much debate and recommendations vary. Colquhoun andrease the resistance of the heart to periods of transient
colleagues administered magnesium chloride 50 mmol ischaemia? The aim was to produce a solution which, if
placebo to patients after coronary artery vein graftingfused into the coronary vessels before the onset of
(CAVG).** The incidence of SVT was twice as great in théschaemia, would rapidly induce arrest and counteract some
placebo group but there was no difference in the incidencé the deleterious effects of ischaemia. They developed an
of ventricular arrhythmias. However, Harris and Crowthenfusate with a pH of 7.4, potassium 12 mmol litte
demonstrated that the incidence of atrial arrhythmias wasagnesium 16 mmol litré, creatine phosphate 10 mmol
similar in both groups but ventricular arrhythmias occurrelitre™ and procaine 1 mmol litré. Later, Hearse, Stewart
three times more frequently in the control grdfengland and Braimbridge showed that magnesium exerts, in a
and colleagues attempted to determine if magnesium wasmplex dose-related manner, a marked protective effect
effective in reducing morbidity and mortality after CAVGon ischaemic rat myocardium and that fluctuations within
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narrow limits of the concentrations of ionized magnesiutiions for anaesthetists, especially when used in conjunction
and magnesium adenine nucleotide complexes can pvath conventional neuromuscular blocking agents. Lee,
foundly affect the contractile performance of the ¢8The Zhang and Kwan studied the effects of magnesium sulphate-
St Thomas’ solution has since been maodified but is theduced neuromuscular block on the electromyogram
most widely used crystalloid cardioplegic solution and cafEMG) and mechanomyogram (MMG) in pi¢% The single
facilitate safe cardioplegic arrest for up to 3 h. twitch response at 0.1 Hz was reduced, with the MMG
Hearse, Stewart and Braimbridge suggested a mechanisiore depressed than the EMG. There was no evidence of
for the beneficial effects of magnesium. After the onséade after train-of-four at 2 Hz and, with tetanic stimulation
of ischaemia, there is an abrupt reduction in oxidativat 50 Hz, the contractile force increased (not decreased) at
metabolism and ATP production. The decrease in ATP leafls. These results suggested a presynaptic action of magnes-
to a transient increase in intracellular magnesium whigam. Magnesium has been shown to potentiate non-depolar-
leaks out of the cell as a result of changes in membrai®ng neuromuscular blocking agents. After a dose of
permeability. This magnesium loss restricts the energyagnesium sulphate 40 mgRgthe ED;, of vecuronium
available during post-ischaemic reperfusion. The ability efas reduced by 25%, onset time was nearly halved and
extracellular magnesium to protect the ischaemic myocaecovery time nearly doubled.Prolonged neuromuscular
dium is because of a reduction in passive magnesium lobfock has been reported with magnesium sulphate and
Intracellular stores are conserved, facilitating high-energygecuroniumt% and a more formal study showed recurariz-
phosphate production. ation 1 h after vecuronium block in 100% of patients treated
While the role of magnesium in preventing perioperativeith magnesium sulphate 60 mg#§® The reduction in
arrhythmias is still debated, it appears to be a desirable paniset time of non-depolarizing block has been used clinically
of myocardial protection during CPB. However, despitto produce intubation conditions more rapidly. The concept
reports of improved myocardial preservation with magnes{ ‘priming’ to produce a more rapid onset of block involves
ium-containing cardioplegia solutions in addition to asequential administration of 20-30% of the JsDf a non-
improvement in maximal post-ischaemic ventricular pedepolarizing agent followed 4—6 min later by the &EP®
formance?® the addition of magnesium has not beeMagnesium sulphate has been shown to produce rapid

accepted universally. onset of block when used as the priming agent with
pancuroniunt? although it had no effect on the onset time
Other clinical uses of rocuroniumi® As recovery times are prolonged after
) magnesium, it has little place in rapid sequence intubation
Magnesium and neuromuscular block as an alternative to succinylcholine.

Research from the early 1950s first elucidated the natureThe interaction of magnesium with depolarizing neuro-
of the effects of calcium and magnesium ions at thmuscular blockers is uncertain. Initial reports suggested
neuromuscular junction. By making allowance for sompotentiation of depolarizing blo€Kor little clinical effect®®
minor postjunctional effects of magnesium, studies of enetowever, the most recent study suggests that magnesium
plate potentials showed that it competed for a prejunctionaay antagonize the block produced by succinylcholfiie.
site with calcium ion$! The ions antagonized each otherThis study found a 20% reduction in twitch suppression
high magnesium concentrations inhibited release of acetpkoduced by succinylcholine 1.2%Ds after pretreatment
choline and high calcium concentrations increased releasigh magnesium sulphate 90 mgH*gand a 20% increase
from the presynaptic nerve terminal. These studies also the EDyy of succinylcholine after the same dose of
showed that magnesium ions had an inhibitory effect anagnesium sulphate. An increase in twitch height was also
postjunctional potentials and caused a decrease in mudoend when succinylcholine 1.28EDgy was given in the
fibore membrane excitability, although these effects wemresence of 50% neuromuscular block produced by magnes-
relatively minor in comparison with presynaptic inhibitionum sulphate. The authors postulated that some of the earlier
of acetylcholine release. The nature of the presynaptieports of potentiation of succinylcholine by magnesium
channel has been elucidated further in the past 20 yr. Thedphate may have been caused by the development of
are a variety of different calcium channels now known tdual block.
exist, named after specific ligands which bind to them. )
Interest has centred on the N-, L- and P-channels Magnesium and the central nervous system
neuromuscular research. In humans, there is strong evideMagnesium appears to play an important role in conduction
for the P-channel being the most important site. Studi@s the nervous system with its main mechanism of action
using funnel web spider toxin and other synthetic toxingppearing to be via a voltage-gated antagonist action at the
specific to the P-channel have shown that they bind to thNMDA receptor. Recent interest has focused on the role of
presynaptic motor nerve terminals in humaffswhile NMDA receptor antagonists in the protection of the central
binding by known ligands of N- and L-channels was natervous system (CNS) from ischaemic damage.
demonstrated. In experimental systems, ischaemic damage in brain cells
The widespread use of magnesium sulphate has impliegas induced and the results of pre- and post-treatment with
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NMDA receptor antagonists, such as magnesium, wedetailed studies of magnesium on this process have been
observed or concentrations of magnesium after ischaemicdertaken. In rat phaeochromocytoma cell lines, magnes-
damage and treatment with NMDA receptor antagonisism produces a discrete block, probably at high-affinity
were measured. Several animal experiments have showoacium binding sites within the calcium channel péte.
reduction in ischaemic damage when magnesium was givernrhese anti-adrenergic actions, in addition to its vasodilator
at or near the time of injur{? 12 Intracellular magnesium and anti-arrhythmic actions, have lead to the use of magnes-
concentrations have been shown to decrease after traumaitia during surgery for phaeochromocytoma. In this condi-
brain injury in rat38% and this decline is attenuated by nontion, marked cardiovascular changes can occur during
competitive NMDA receptor antagonistwith a corres- induction of anaesthesia, tracheal intubation, tumour hand-
ponding improvement in neurological outcorffe. ling and after devascularization (where vasoactive support
While there is good evidence for a protective role afnay be required). In spite of the rarity of this condition,
magnesium in animal models, translating this to humadames and colleagues have produced a series of 17 anaes-
has proved more difficult. The main problems with humatietics in 16 patients who received magnesium in addition
research are attempting to give a treatment before irrevets-conventionat andf3 adrenergic block (usually phenoxy-
ible damage has occurred and selecting suitable end-poinémizamine and propanolol or atenofiPatients received
to give significant results. Observational studies in vempagnesium 1-2 g supplemented with a bolus dose of
low-birth weight infants suggest that the risk of cerebral0 mg kg?, and a target magnesium concentration of 2—
palsy may be reduced in mothers treated with magnesishmmol litre™* was obtained in all but one patient. Overall,
sulphate during pregnanés? Results of large, randomized,magnesium sulphate was effective in reducing catechol-
prospective studies are awaited. Magnesium sulphate la@sine concentrations in the five patients in whom these
not been shown to produce significant benefits when givemeasurements were undertaken, and was generally effective
within 12 h of suspected stroké® Similarly, magnesium at controlling cardiovascular changes at induction of anaes-
sulphate has not yet been shown to alter neurologidkesia and during tracheal intubation, although in four
outcome or survival after cardiac arré&t. anaesthetics, additional measures (such as sodium nitroprus-
Magnesium sulphate is of little benefit in the treatmerside) were required during tumour handling. In one patient,
of epilepsy or status epilepticus although there is sonmeagnesium therapy was ineffective and this was attributed
evidence that it may be of use in the treatment of somte a pre-existing magnesium deficiency and failure to
types of seizures other than eclamptic seizdt@dt has achieve target concentrations of serum magnesium.
been argued that the mechanism of action of magnesium irFurther support for the use of magnesium in the preven-
treating seizures is by neuromuscular block, but this seetitn of catecholamine release is found in a study of males
unlikely given that the serum concentrations used are welletreated with magnesium sulphate 60 mgkigefore
below those that produce neuromuscular bltick. tracheal intubation. Compared with the control group,
Recent studies suggested a role for NMDA receptonagnesium treated patients had significantly lower epine-
antagonists (such as magnesium or ketamine) in the managfedine and norepinephrine concentrations after intubation,
ment of postoperative pain, as NMDA receptor antagonisand less change in heart rate and systolic arterial pre&5ure.
inhibits induction and maintenance of central sensitizatiorhe results of this study would suggest that pretreatment
after nociceptive stimufi®>In a double-blind study, patientswith magnesium sulphate is of benefit in other areas such
receiving a preoperative bolus and postoperative infusi@s phaeochromocytoma and pre-eclampsia, particularly if
of magnesium sulphate had lower morphine requirementsere is a wish to avoid the use of opioids, and indeed
less discomfort and less subjective sleep disturbance thraagnesium has been used successfully where phaeochromo-
control patients in the first 48 h after operatighWilder- cytoma and pregnancy co-exfét8?
Smith, Knopfli and Wilder-Smith demonstrated that magnes-
ium, fentanyl and ketamine reduced spinal excitation aftésthma
hysterectomy and produced similar pain scores and mddagnesium therapy in asthma was first reported more than
phine consumptio®®® However, the same group have als®0 yr ago’® Recent anecdotal reports and limited series
demonstrated an antanalgesic effect with magnesfim. have revived interest in magnesium as an adjunct to standard
bronchodilator therapy. Widespread availability, low cost
Phaeochromocytoma and minimal side effects make magnesium a potentially
Magnesium is known to have a marked anti-adrenergattractive therapeutic option in asthma. Disparity between
effect. This is mediated by a variety of mechanisms, afudy populations, clinical status, therapeutic protocols,
which the most important is probably calcium antagonisrmethods of assessment and end-points in some studies,
Calcium plays a fundamental role in stimulus—responsegether with the small numbers involved, have made it
coupling of catecholamine release from the adrenal medudldficult to draw firm conclusions about the place of
and adrenergic nerve terminals, and its role in adrenalagnesium in the management of asthma.
catecholamine release has been well described for moréfhe mechanism of action of magnesium in asthmatics is
than 30 y** However, it is only in the past few years thaprobably multifactorial. The magnesium ion has an
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inhibitory action on smooth muscle contractifi,on hist- 75% predicted), admission rates were 22% in both groups.
amine release from mast céft$ and on acetylcholine From this study, magnesium seemed to have a beneficial
release from cholinergic nerve termindisMagnesium has effect in severe acute asthma. Further evidence comes from
been shown to relax bronchial smooth musiclevitro by a case report of a severe, ventilated asthmatic who responded
modulating calcium ion transport at the cellular leveto magnesium theragy? However, routine use of magnes-
Support for this comes from studies with calcium channa@im was not recommended by Tiffany and colleagues who
blockers which have been shown to blunt the bronchocofound only minimal improvement in a group of severe
strictor response to exercidéhistamine and methacholine,asthmatics’°
and the effect of magnesium is simifdt. Magnesium also  The majority of studies have been conducted in adults
appears to influence the function of respiratory muscles; leand have examined the effect of parenteral magnesium
serum concentrations have been associated with diministatiinistration. A more recent area of interest has been
respiratory muscle power that improves with administrationhaled magnesium, which shows inconsistent effects. It
of magnesiunt?°There is some evidence that prostaglandirattenuated metabisulphite-induced bronchoconstriction in
and isoprenaline-mediated vascular smooth muscle relagathmatic subject€8 but other studies showed no bene-
tion may be magnesium-dependeand that magnesium fit,28 7and even increased airway reactivity to histanthe.
may potentiate the effect @agonists on adenyl cyclas® In children, Pabon, Monem and Kissoon cited four cases
Exposing activated neutrophils from adult asthmatics ia which i.v. magnesium treatment was associated with
magnesium results in a decrease in superoxide produtiommprovement when conventional bronchodilator therapy
indicating that magnesium may modulate the inflammatohad failed'3* A larger study demonstrated that magnesium
process and decrease the release of free radicals. &lehieved earlier improvement in clinical signs and symp-
cellular effects of magnesium are diverse and this magms in patients not responding to conventional therapy
explain why such a wide range of responses result from @gone3® In children, however, nebulized magnesium had no
administration. beneficial effect and indeed blunted the bronchodilatory
Several clinical studies of magnesium therapy have beand chronotropic effects of inhaled beta agoniéts.
undertaken. Noppen and colleagues studied six patientCurrent knowledge suggests that the response to magnes-
presenting with acute asthmain whom there was animprovem in asthmatics is very variable and factors which
ment in symptoms and signs after magnesium, but it wdstermine which patients will benefit from its administration
less than the subsequent effecBgftherapy3® A study by are unknown. In acute exacerbations of asthma, the response
Rolla and colleagues suggested that the effects of magnes-magnesium, although theoretically attractive, is unreli-
ium may be limited only to the duration of the infusionable. But magnesium has been reported to produce immedi-
with respiratory variables returning to control thereattér. ate and dramatic improvement in anecdotal reports in which
Three studies have evaluated the effect of magnesilife-threatening bronchoconstriction failed to respond to
therapy on hospital admission rates for asthma. Skobelstandard therapif
and colleagues treated 38 patients with magnesium (PEFR ) o
<200 litre mirrY) who were unresponsive , agonists, Magnesium and critical care
i.v. steroids and aminophyllin€? The magnesium group Current estimates of hypomagnesaemia may be as high as
demonstrated an increase in mean PEFR from 225 to 285% in adult intensive care patieft$and 30% in neonatal
litre min~! compared with 208 to 216 litre ntifiin the intensive care patientd? compared with 11% in general
placebo group. Hospital admission rates were 37% ahdspital inpatientd?? The reasons for these high rates
79%, respectively. However, a later study showed raf magnesium deficiency are multifactorial and include:
reduction in admission rates with magnesium therapy indecreased absorption caused by impaired gastrointestinal
mixed group of asthmatic. However, it is debatable asactivity; malnutrition; renal wasting of various drugs (e.g.
to the usefulness of admission rates as a measurable affigoxin, gentamicin, cyclosporin and loop diuretics); dia-
point of success or failure of treatment. betes mellitus; hypokalaemia; and hypocalcaethia.
Bloch and colleagues seemed to indicate a differentidhrious authors have suggested that supranormal concentra-
effect of magnesium depending on asthma sevétitytions of magnesium may be required to produce a clinical
Patients with acute asthma were treated with regulamffect®> 132 There are several recommendations for the
inhaled 3, agonists and i.v. steroids. Thirty minutes aftetreatment of magnesium deficiency: James recommended
arrival in the emergency room, patients received eithstow infusion of magnesium sulphate 10 g over 24 h,
magnesium sulphate or placebo. In the initial analysighile Flink recommended infusion of up to 2 mmol+g
hospital admission rates were 35% for the placebo grooper 5 dayS’ Magnesium deficiency in low-birth weight
and 25% for the magnesium treated group. Further analysifants may be minimized by the addition of magnesium
revealed that patients who had a severe asthma attack (FE\8 mmol kg! day™.153
less than 25% predicted on presentation) had admissiorOther interesting uses of magnesium include the treatment
rates of 33% compared with 78% in the placebo group. bf respiratory failure, neonatal pulmonary hypertension and
contrast, in those who had a moderate attack (F&\25— tetanus. Magnesium deficiency has also been shown to be
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important as a cause of respiratory muscle faildt®atients References

with low muscle magnesium concentrations but normal |
serum levels are common in pulmonary intensive care units
(47% of patients). These patients have longer stays than
patients with normal muscle magnesium concentratténs. 2

Abraham AS, Eylath U, Weinstein M, Czaczkes E. Serum
magnesium levels in patients with acute myocardial infarction.
N Engl | Med 1977; 296: 862-3

Adams JH, Mitchell JRA The effects of agents which modify

MagneS"Jm replacement therapy has been Shown to Increase platelet behaviour and magnesium ions on thrombus formation

respiratory muscle power in patients with hypomagnes-
aemiat?° but routine magnesium replacement therapy in
mechanically ventilated patients has not been proved to be
of benefit?* 4
Magnesium sulphate has been studied extensively in the
treatment of neonatal pulmonary hypertension. While there5
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a beneficial effect of magnesium sulphate in premature
human neonate$’ randomized studies in lambs and piglets 6
with induced pulmonary arterial hypertension suggest that
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atation, and therefore selective pulmonary artery dilators
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Miscellaneous 1

Magnesium treatment has also been described for a variety
of other anaesthesia-related uses, such as prevention of
postoperative shiverin,and intrathecal administration in
rats where it produced spinal anaesthesia and sedation
without apparent neurotoxici®. It has also been demon-
strated that magnesium deficiency increases ketamine sendi$-
ivity in rats, both agents probably exerting their effects via

NMDA receptor antagonisr? P

Summary s

Magnesium has an established role in obstetrics and an
evolving role in other clinical areas, in particular cardiology.
Many of the effects involving magnesium are still a matter!é
of controversy. Over the next decade, it is likely that
improvements in the measurement of magnesium, a clearg
understanding of the mechanisms of its actions and further
results of clinical studies will help to elucidate its role, both

in terms of treating deficiency and as a pharmacological8

agent.
19

Acknowledgement

We thank Dr Andrew Taylor, MSc, PhD, MRSC, FRCPath, Consultant
Clinical Biochemist at the Royal Surrey County Hospital and Senior
Research Fellow at the Robens Institute of Health and Safety, University
of Surrey.

315

in vivo. Thromb Haemost 1979; 42: 603—10

3 Aglio LS, Stanford GG, Maddi R, Boyd JL, Nussbaum S,

Chernow B. Hypomagnesemia is common following cardiac
surgery. | Cardiothorac Vasc Anesth 1991; 5: 201-8

Aikawa JK. Magnesium: Its Biological Significance. Boca Raton,
Florida: CRC Press, 1981

Allen RW, James MFM, Uys PC. Attenuation of the pressor
response to tracheal intubation in hypertensive proteinuric
pregnant patients by lignocaine, alfentanil and magnesium
sulphate. Br | Anaesth 1991; 66: 216-23

Altura BM. Importance of Mg in physiology and medicine and
the need for ion selective electrodes. Scand | Clin Lab Invest
1994; 217: 5-9

Altura BM, Altura BT. Magnesium ions and contraction of
vascular smooth muscles; relationship to some vascular diseases.
Fed Proc 1981; 40: 2672-9

8 Altura BM, Altura BT, Carella A, Gebrewald A, Murakawa T,

Nishio A. Magnesium—calcium interaction in contractility of
vascular smooth muscle; Magnesium versus organic calcium
channel blockers on myogenic tone and agonist induced
responsiveness of blood vessels. Can | Physiol Pharmacol 1987;
65: 72945

9 Anast CS, Winnacker JL, Forte LR, Burns TW. Impaired release

of parathyroid hormone in magnesium deficiency. | Clin Endocrinol
Metab 1976; 42: 707-17

Anderson TW, Leriche WH, Mackay JS. Sudden death and
ischaemic heart disease. N Engl | Med 1969; 280: 805-7
Antman E. Randomised trials of magnesium in acute myocardial
infarction: big numbers do not tell the whole story. Am J Cardiol
1995; 75: 391-3

Ashton WB, James MFM, Janicki P, Uys PC. Attenuation of the
pressor response to tracheal intubation by magnesium sulphate
with and without alfentanil in hypertensive proteinuric patients
undergoing Caesarean section. Br | Anaesth 1991; 67: 741-7
Attygalle D, Rodrigo N. Magnesium sulphate for control of
spasms in severe tetanus. Can we avoid sedation and artificial
ventilation? Anaesthesia 1997; 52: 956-62

Bara M, Guiet-Bara A, Durlach J. Regulation of sodium and
potassium pathways by magnesium in cell membranes. Magnes
Res 1993; 6: 167-77

Baxter G, Sumeray M, Walker ]. Infarct size and magnesium;
insights into LIMIT-2 and ISIS-4 from experimental studies. Lancet
1996; 348: 14246

Belfort MA, Moise K. Effect of magnesium sulfate on maternal
brain blood flow in preeclampsia: a randomized, placebo-
controlled study. Am | Obstet Gynecol 1992; 167: 661—6

; Beller GA, Hood W, Abelman W, Wacker W. Correlation of

serum magnesium levels and cardiac digitalis intoxication. Am |
Cardiol 1974; 33: 225-9

Berridge M, Irving RF. Inositol phosphates and cell signalling.
Nature 1989; 341: 197-204

Bezproavanny |, Watras ], Ehrlich BE. Bell-shaped calcium
response of Ins(1,4,5)P; and calcium-gated channels from
endoplasmic reticulum of the cerebellum. Nature 1991; 351:
7514

0 Bloch H, Silverman R, Mancherge N, Grant S, Jagminas L, Scharf S.

Intravenous magnesium sulphate as an adjunct in the treatment
of acute severe asthma. Chest 1995; 107: 157681



21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Fawcettet al.

Borzeix MG, Akimjak JP, Charles P, Lenfant M, Cahn R. Effect
of magnesium on GABA inhibition-induced convulsions in mice.
Effect of three salts. In: Golf S, Dralle D, Vecchiet L, eds.
Magnesium 1993. London: John Libbey, 1994; 177-80

Brookes C, Fry C. lonised magnesium and calcium in plasma from
healthy volunteers and patients undergoing cardiopulmonary
bypass. Br Heart | 1993; 69: 404-8

Brown P, Holland F, Parenteau G, Clark R. Magnesium ion is
beneficial in hypothermic crystalloid cardioplegia. Ann Thorac
Surg 1991; 51: 359-67

Canez MS, Reed KL, Shenker L. Effect of maternal magnesium
sulfate treatment on fetal heart rate variability. Am | Perinatol
1987; 4: 167-70

Carnes CB, Kraft M Borish L. Magnesium attenuates neutrophil
activation in adult asthmatic patients. Ann Emerg Med 1993; 22:
935 (175A)

Cassells W. Magnesium and myocardial infarction. Lancet 1994;
343: 807-9

Cerrina J, Denjean A, Alexandre G, Lockhart A, Duroux P.
Inhibition of exercise-induced asthma by a calcium antagonist
nifedipine. Am Rev Respir Dis 1981; 123: 156-60

Chande V, Skoner D. A trial of nebulised magnesium sulphate
to reverse bronchospasm in asthmatic patients. Ann Emerg Med
1992; 21: 111115

Chanimov M, Cohen ML, Grinspun Y, et al. Neurotoxicity after
spinal anaesthesia induced by serial intrathecal injections of
magnesium sulphate. An experimental study in a rat model.
Anaesthesia 1997; 52: 223-8

Christensen C, Rieder M, Silverstein E, Gencheff N. Magnesium
sulphate reduces myocardial infarct size when administered
before but not after coronary reperfusion in a canine model.
Circulation 1995; 92: 2617-21

Clark MC, Wright GD, Falk JL, Robelli JP. Aerosolised magnesium
sulphate as acute therapy for paediatric asthma. Ann Emerg Med
1991; 20: 448 (18A)

Classen HG, Speich M, Schimatschek HF, Rattanatayarom W.
Functional role of magnesium in vivo. In: Golf S, Dralle D,
Vecchiet L, eds. Magnesium 1993. London: John Libbey, 1994;
13-20

Coetzee EJ, Dommisse ], Anthony J. A randomised controlled
trial of intravenous magnesium sulpate versus placebo in the
management of women with severe pre-eclampsia. Br | Obstet
Gynaecol 1998; 105: 300-3

Colquhoun |, Berg G, El-Fiky, Hurle A, Fell G, Wheatley D.
Arrhythmia prophylaxis after coronary artery surgery. Eur |
Cardiothorac Surg 1993; 7: 520-3

Connell H, Dalgleish )G, Downing JW. General anaesthesia in
mothers with severe pre-eclampsia/eclampsia. Br | Anaesth 1987;
59: 1375-80

Crowther CA. Magnesium sulphate versus diazepam in the
management of eclampsia: a randomised controlled trial. Br |
Obstet Gynaecol 1990; 97: 10-17

Del Castillo ], Engbaek L. The nature of the neuromuscular
block produced by magnesium. J Physiol (Lond) 1954; 124: 370-84
Department of Health, Welsh Office, Scottish Office Department
of Health, Department of Health and Social Services, Northern
Ireland. Why Women Die. Report on Confidential Enquiries into
Maternal Deaths in the United Kingdom 1994—1996. London:
Department of Health, 1998

Devi PR, Kumar L, Singhi SC, Prasad R, Singh M. Intravenous
magnesium sulfate in acute severe asthma not responding to
conventional therapy. Indian Pediatr 1997; 34: 389-97

DiCarlo L, Morady F, Buitleir M, Krol R, Schurig L, Annesley T.

316

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

Effects of magnesium sulphate on cardiac conduction and
refractoriness in humans. | Am Coll Cardiol 1986; 7: 1356—62
Dimpel HL. Drugs in status epilepticus. Anaesthesia 1995; 50:
823-35

Dommisse J. Phenytoin sodium and magnesium sulphate in the
management of eclampsia. Br | Obstet Gynaecol 1990; 97: 104-9
Douglas KA, Redman CWG. Eclampsia in the United Kingdom.
BMJ 1994; 309: 1395—4000

Douglas WW, Rubin RP. The mechanism of catecholamine
release from the adrenal medulla and the role of calcium in
stimulus—secretion coupling. | Physiol (Lond) 1963; 167: 288-310
Duley L. Magnesium sulphate regimens for women with
eclampsia: messages from the Collaborative Eclampsia Trial. Br
J Obstet Gynaecol 1996; 103: 103-5

Duley L, Johanson R. Magnesium sulphate for pre-eclampsia and
eclampsia: the evidence so far. Br | Obstet Gynaecol 1994; 101:
565-67

Durlach J, Durlach V, Bac P, Bara M, Guiet-Bara A. Magnesium
and therapeutics. Magnes Res 1994; 7: 313-28

DuToit E, Opie L. Modulation of severity of reperfusion stunning
in the isolated rat heart by agents altering calcium flux at onset
of reperfusion. Circ Res 1992; 70: 960-7

Dyckner T. Serum magnesium in acute myocardial infarction;
relation to arrhythmias. Acta Med Scand 1980; 207: 59-66
Ehrenberg A, Helbig J. Influence of magnesium aspartate
hydrochloride on transportation and slaughtering stress in pigs.
In: Golf S, Dralle D, Vecchiet L. eds. Magnesium [993. London:
John Libbey, 1994; 385-94

Elin R). Assessment of magnesium status. Clin Chem 1987; 33:
1965-70

Elin R]. Magnesium: the fifth but forgotten electrolyte. Am J Clin
Pathol 1994; 102: 61622

England M, Gordon G, Salem M, Chernow B. Magnesium
administration and dysrhythmias after cardiac surgery. JAMA
1992; 268: 2395-402

Ferrari R, Albertini A, Curello S, et al. Myocardial recovery
during post-ischaemic reperfusion; effects of nifedipine, calcium
and magnesium. | Mol Cell Cardiol 1986; 18: 487-98

Fiaccadori E, Del Canale S, Coffrini E, et al. Muscle and serum
magnesium in pulmonary intensive care unit patients. Crit Care
Med 1988; 16: 751-60

Finkbeiner S, Stevens CF. Application of quantitative measure-
ments for assessing neurotoxicity. Proc Natl Acad Sci USA 1988;
85: 40714

Flink EB. Therapy of magnesium deficiency. Ann NY Acad Sci
1969; 162: 901-5

Fuchs-Buder T, Tassonyi E. Magnesium sulphate enhances
residual neuromuscular block induced by vecuronium. Br |
Anaesth 1996; 76: 565-6

Fuchs-Buder T, Wilder-Smith OH, Borgeat A, Tassonyi E.
Interaction of magnesium sulphate with vecuronium-induced
neuromuscular block. Br | Anaesth 1995; 74: 405-9

Fullerton DA, Hahn AR, Agrafojo ], Sheridan BC, McIntyre RC.
Magnesium is essential in mechanisms of pulmonary vasomotor
control. | Surg Res 1996; 63: 93—7

Ghani M, Rabah M. Effect of magnesium chloride on electrical
instability of the heart. Am Heart | 1977; 94: 600-2

Ghoneim MM, Long JP. The interaction between magnesium and
other neuromuscular blocking agents. Anesthesiology 1970; 32:
23-7

Golding EM, Vink R. Efficacy of competitive vs noncompetitive
blockade of the NMDA channel following traumatic brain injury.
Mol Chem Neuropathol 1995; 24: 137-50



64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

Magnesium: physiology and pharmacology

Golf SW, Bohmer D, Nowacki PE. Is magnesium a limiting factor
in competitive exercise! A summary of relevent scientific data.
In: Golf S, Dralle D, Vecchiet L. eds. Magnesium 1993. London:
John Libbey, 1994; 209-20
Gomez MN. Magnesium
Anesthesiology 1998; 89: 222—40
Green S, Rothrock S. Intravenous magnesium for acute asthma:
failure to decrease emergency treatment duration or need for
hospitalisation. Ann Emerg Med 1992; 21: 260-5

Hamilton A, Sirrs S, Schmidt N, Onrot J. Anaesthesia for
phaeochromocytoma in pregnancy. Can | Anaesth 1997; 44: 654—7
Harris MNE, Crowther A, Jupp RA, Apps C. Magnesium and
Coronary Revascularisation. Br | Anaesth 1988; 60: 779-83
Hasegawa |, Masumoto T, Takami T, Fujimotot Y, Kotke H,
Mashiba H. Suppression of catecholamine induced abnormal
pacemaker activities by magnesium ion in guinea pig cardiac
muscle cells. Magnesium 1989; 8: 94—9

Haury VG. Blood serum magnesium in bronchial asthma and its
treatment by the administration of magnesium sulphate. | Clin
Lab Med 1940; 26: 3404

Hearse D. Reperfusion of ischaemic myocardium. | Mol Cell
Cardiol 1977; 9: 606—16

Hearse D, Stewart D, Braimbridge M. Cellular protection during
myocardial ischaemia: The development and characterisation of
a procedure for the induction of reversible arrest. Circulation
1976; 54: 193-202

Hearse D, Sterwart D, Braimbridge M. Myocardial protection
during ischaemic arrest. | Thorac Cardiovasc Surg 1978; 75: 877-85
Heath DL, Vink R. Magnesium sulphate improves neurologic
outcome following severe closed head injury in rats. Neurosci
Lett 1997; 228: 175-8

Hecker B, Lake C, Kron |, et al. Influence of magnesium ion
on human ventricular defibrillation after aortocoronary bypass
surgery. Am | Cardiol 1985; 55: 614

Hill J, Lewis S, Britton J. Studies of the effects of inhaled
magnesium on airway reactivity to histamine and adenosine
monophosphate in asthmatic subjects. Clin Exp Allergy 1997; 27:
546-51

Hilton T, Fredman C, Holt D, Bjerregaard P, Ira G, Janosik D.
Electrophysiologic and antiarrhythmic effects of magnesium in
patients with inducible ventricular tachyarrhythmia. Clin Cardiol
1992; 15: 176-80

Hoffman D), Marro PJ, Mcgowan JE, Mishra OP, Delivoria-
Papadopoulos M. Protective effect of MgSO, infusion on NMDA
receptor binding characteristics during cerebral cortical hypoxia
in the newborn piglet. Brain Res 1994; 644: 144-9

Horner S. Efficacy of intravenous magnesium sulphate in acute
myocardial infarction in reducing arrhythmias and mortality.
Circulation 1992; 86: 774-9

Hutton |D, James DK, Stirrat GM, Douglas KA, Redman CWG.
Management of severe pre-eclampsia and eclampsia by UK
consultants. Br | Obstet Gynaecol 1992; 99: 554—6

Iseri LT, French JH. Magnesium: nature’s physiological calcium
blocker. Am Heart | 1984; 108: 188-94

ISIS-4  (Fourth Interventional Study of Infarct Survival)
Collaborative group, ISIS-4 a randomised multifactorial trial
assessing early, oral captopril, oral mononitrate, and intravenous
magnesium sulphate in 58,050 patients with suspected acute
myocardial infarction. Lancet 1995; 345: 669-857

James MFM. Magnesium in obstetric anaesthesia. Int | Obstet
Anaesth 1998; 7: 115-23

and cardiovascular disease.

84 James MFM. Use of magnesium sulphate in the anaesthetic

management of phaeochromocytoma: a review of |7 anaes-
thetics. Br | Anaesth 1989; 62: 616-23

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

317

James MFM. Intravenous magnesium therapy in critically ill
patients. Anaesthesia 1993; 48: 1014

James MFM. Magnesium in critical care patients. Care Crit lll 1991;
7: 233-7

James MFM, Beer RE, Esser |D. Intravenous magnesium sulphate
inhibits catecholamine release associated with tracheal
intubation. Anesth Analg 1989; 68: 7726

James MFM, Cork RC, Dennett JE. Succinylcholine pretreatment
with magnesium sulphate. Anesth Analg 1986; 65: 373—-6

James MFM, Huddle KR, Owen AD, van der Veen BW. Use of
magnesium sulphate in the anaesthetic management of
phaeochromocytoma in pregnancy. Can | Anaesth 1988: 35:
178-82

James MFM, Schenk PA, Van Der Veen BW. Priming of
pancuronium with magnesium. Br | Anaesth 1991; 66: 247-9
Jenkinson DH. The nature of the antagonism between calcium
and magnesium ions at the neuromuscular junction. | Physiol
(Lond) 1957; 138: 434—44

Jensen BM, Alstrup P, Klitgard NA. Magnesium substitution
and postoperative arrhythmias in patients undergoing coronary
artery bypass grafting. Scand Cardiovasc | 1997; 31: 265-9
Johnson C, Peterson D, Smith E. Myocardial tissue concentrations
of magnesium and potassium in men dying suddenly from
ischemic heart disease. Am J Clin Nutr 1979; 32: 967-70
Johnson D, Gallagher C, Cavanaugh M, Yip R, Mayers I. The lack
of effect of routine magnesium administration on respiratory
function in mechanically ventilated patients. Chest 1993; 104:
53641

Keller P, Aronson R. The role of magnesium in cardiac
arrhythmias. Prog Cardiovasc Dis 1990; 32: 43348

Kizilirmak S, Karakas S, Akca O, et al. Magnesium sulfate stops
postanesthetic shivering. Ann NY Acad Sci 1997; 813: 799-806
Kugiyama T, Yasue H, Okumura K, et al. Suppression of excercise
induced angina by magnesium sulphate in patients with variant
angina. | Am Coll Cardiol 1988; 12: 1177-83

Kuiter L, Kletchko S. Intravenous magnesium sulphate in acute,
life-threatening asthma. Ann Emerg Med 1991; 20: 1243-5

Kuo CC, Hess P. Block of the L-type Ca2" channel pore by
external and internal Mg?™ in rat phaeochromocytoma cells.
J Physiol (Lond) 1993; 466: 683—706

Kussman B, Shorten G, Uppington ], Comunale ME.
Administration of magnesium sulphate before rocuronium:
effects on speed of onset and duration of neuromuscular block.
Br | Anaesth 1997; 79: 1224

Lazard EM. An analysis of 575 cases of eclamptic and pre-
eclamptic toxemias treated by intravenous injections of
magnesium sulphate. Am | Obstet Gynecol 1933; 26: 647-56

Lee C, Zhang X, Kwan WF. Electromyographic and mechano-
myographic characteristics of neuromuscular block by magnes-
ium sulphate in the pig. Br | Anaesth 1996; 76: 278-83

Lemke MR. Blood magnesium levels in advanced dementia:
possible relevance of physiological calcium antagonism. In: Golf S,
Dralle D, Vecchiet L, eds. Magnesium 1993. London: John Libbey,
1994; 199-202

Lewis DF, Bergstedt S, Edwards MS, et al. Successful magnesium
sulfate tocolysis: is ‘weaning’ the drug necessary? Am | Obstet
Gynecol 1997; 177: 742-5

Lewis KL, Hinshaw DB, Will AD, Hasso AN, Thompson JR. CT
and angiographic correlation of severe neurological disease in
toxemia of pregnancy. Neuroradiology 1988; 30: 59-64
Liebscher G, Shapiro M), Barner H. Adenosine triphosphate
magnesium chloride (ATP MGCL2) as an afterload reducing
agent. Crit Care Med 1992; 20: 510-15



107

108

109

110

112

113

114

115

116

117

118

19

120

121

122

123

124

125

126

127

Fawcettet al.

Lipman |, James MF, Erskine ], Plit ML, Eidelman |, Esser |D.
Autonomic dysfunction in severe tetanus: magnesium sulfate as
an adjunct to deep sedation. Crit Care Med 1987; 15: 987-8
London RE. Methods for measurement of intracellular
magnesium: NMR and fluorescence. Annu Rev Physiol 1991; 53:
241-58

Lucas MJ, Leveno JK, Cunningham FG. A comparison of
magnesium sulfate with phenytoin for the prevention of
eclampsia. N Engl | Med 1995; 333: 201-5

Macones GA, Sehdev HM, Berlin M, Morgan MA, Berlin JA.
Evidence for magnesium sulfate as a tocolytic agent. Obstet
Gynecol Surv 1997: 52: 652-8

Malik S, O’Reilly J, Sudlow MF. Effects of sub-lingual nifedipine
on inhaled histamine and methacholine-induced broncho-
constriction in atopic subjects. Thorax 1982; 32: 230

Marinov MB, Harbaugh KS, Hoopes P, Pikus HJ, Harbaugh RE.
Neuroprotective effects of preischemia intraarterial magnesium
sulfate in reversible focal cerebral ischemia. | Neurosurg 1996;
85: 11724

Marrier JR. Magnesium content of the food supply in the modern
day world. Magnesium 1986; 5: 1-8

Martignoni F, Balndini G, Sances G, Fizotti G, Sandrini G,
Nappi G. Effect of magnesium on the noradrenergic response
to cold in neuronal excitability syndrome. In: Golf S, Dralle D,
Vecchiet L, eds. Magnesium 1993. London: John Libbey, 1994;
359-66

Martindale The Extra Pharmacopoeia. Reynolds JEF, ed. London:
Royal Pharmaceutical Society, 1996

Mason BA, Standley CA, Irtenkauf SM, Bardicef M, Cotton DB.
Magnesium is more efficacious than phenytoin in reducing N-
methyl-D-aspartate seizures in rats. Am | Obstet Gynecol 1994;
171: 999-1002

McLean RM. Magnesium and its therapeutic uses: A review. Am
J Med 1994; 96: 63-76

Millane T, Ward D, Camm J. Is hypomagnesaemia arrhythmo-
genic? Clin Cardiol 1992; 15: 103-8

Mills R, Leadbeater M, Ravalia A. Intravenous magnesium sulphate
in the management of refractory bronchospasm in a ventilated
asthmatic. Anaesthesia 1997; 52: 782-5

Molloy DW, Dhingra S, Solven F, Wilson A, McCarthy DS.
Hypomagnesemia and respiratory muscle power. Am Rev Respir
Dis 1984; 129: 497-8

Moran ], Gallagher |, Peake S, Cunningham D, Salagaras M,
Leppard P. Parenteral magnesium sulphate versus amiodarone in
the therapy of atrial tachyarrhythmias. A prospective randomised
study. Crit Care Med 1995; 23: 181624

Morison DH. Anaesthesia and pre-eclampsia. Can | Anaesth 1987;
34: 415-22

Muir KW, Lees KR. A randomized, double-blind, placebo-
controlled pilot trial of intravenous magnesium sulfate in acute
stroke. Stroke 1995; 26: 1183-8

Munoz R, Khilnani P, Ziegler |, et al. Ultrafilterable hypo-
magnesemia in neonates admitted to the neonatal intensive care
unit. Crit Care Med 1994; 22: 815-20

Nadler ], Hwang D, Yen C, Rude R. Magnesium plays a key role
in inhibiting platelet aggregation and release reaction. Circulation
1991; 84: 246

Nannini LJ jr, Hofer D. Effect of inhaled magnesium sulfate on
sodium metabisulfite-induced bronchoconstriction in asthma.
Chest 1997; 111: 85861

Neilson JP. Magnesium sulphate: the drug of choice in eclampsia.
BMJ 1995; 311:702-3

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

318

Nelson KB, Grether JK. Can magnesium sulfate reduce the risk
of cerebral palsy in very low birthweight infants? Pediatrics 1995;
95: 263-9

Newsome LR, Bramwell RS, Curling PE. Severe preeclampsia:
hemodynamic effects of lumbar epidural anesthesia. Anesth Analg
1986; 65: 31-6

Noppen M, Vanmaele L, Impens N, Schandevyl W. Bronchodilat-
ing effect of intravenous magnesium sulphate in acute severe
bronchial asthma. Chest 1990; 97: 373-6

Nordrehaug J, von der Lippe G. Hypokalaemia and ventricular
fibrillation in acute myocardial infarction. Br Heart | 1983; 50:
525-9

Orser B, Smith D, Henderson S, Gelb A. Magnesium deficiency
increases ketamine sensitivity in rats. Can | Anaesth 1997; 44:
883-90

Oster JR, Epstein M. Management of magnesium depletion. Am
J Nephrol 1988; 8: 349-54

Pabon H, Monem G, Kissoon N. Safety and efficacy of magnesium
sulphate in children with status asthmaticus. Paediatr Emerg Care
1994; 10: 200-3

Parikka H, Toivonen L, Pellinene T, Verkkala K, Jarvinen A,
Nieminen M. The influence of intravenous magnesium sulphate
on the occurrence of atrial fibrillation after coronary artery
bypass operation. Eur Heart | 1993; 14: 251-8

Perticone F, Adinolfi L, Bonaduce N. Efficacy of magnesium
sulphate in the treatment of torsades de pointes. Am Heart |
1986; 112: 8479

Pritchard JA, Pritchard JA. The use of the magnesium ion in the
management of eclamptogenic toxemias. Gynecol Obstet 1955;
100: 13140

Pritchard JA, Cunningham FG, Pritchard SA. The Parkland
Memorial Hospital protocol for treatment of eclampsia:
evaluation of 245 cases. Am | Obstet Gynecol 1984; 148: 951-63
Ralston M, Murnane M, Kelley R, Altschuld R, Unverferth D,
Leier C. Magnesium content of serum, circulating mononuclear
cells, skeletal muscle and myocardium in congestive heart failure.
Circulation 1989; 90: 573-80

Resuscitation Council (UK). ALS Manual. London: Resuscitation
Council, 1998

Robson SC. Magnesium sulphate: the time of reckoning. Br |
Obstet Gynaecol 1996; 103: 99-102

Rochester DF, Arora NS. Respiratory muscle failure. Med Clin
North Am 1983; 67: 573-97

Roden DM. A practical approach to torsade de pointes. Clin
Cardiol 1997; 20: 285-90

Rolla G, Bucca C, Bugiani M, Arossa W, Spinaci S. Reduction of
histamine-induced bronchoconstriction by magnesium in
asthmatic subjects. Allergy 1987; 42: 1868

Rolla G, Bucca C, Caria E, et al. Acute effect of intravenous
magnesium sulphate on airway obstruction in asthmatic patients.
Ann Allergy 1988; 61: 388-91

Rothman SM. Synaptic activity mediates death of hypoxic
neurons. Science 1983; 220: 5367

Rothman SM, Olney JW. Excitotoxicity and the NMDA receptor.
Trends Neurol Sci 1987; 10: 299-302

Ryan CA, Finer NN, Barrington KJ. Effects of magnesium sulphate
and nitric oxide in pulmonary hypertension induced by hypoxia
in newborn piglets. Arch Dis Child (Fetal Neonatal Ed) 1994; 71:
I151-5

Ryan MF. The role of magnesium in biochemistry: an overview.
Ann Clin Biochem 1991; 28: 19-26

Ryzen E, Wagers PWV, Singer FR, Rude RK. Magnesium deficiency
in a medical ICU population. Crit Care Med 1985; 13: 19-21



151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

Magnesium: physiology and pharmacology

Satur C, Anderson J, Jennings A, et al. Magnesium flux caused
by coronary artery bypass operation: three patterns of deficiency.
Ann Thorac Surg 1994: 58: 1674-8

Scardo JA, Hogg BB, Newman RB. Favorable hemodynamic
effects of magnesium sulfate in preeclampsia. Am | Obstet Gynecol
1995; 173: 1249-53

Schanler RJ, Rifka M. Calcium, phosphorus and magnesium needs
for the low-birth-weight infant. Acta Paediatr Suppl 1994; 405:
I11-16

Scheinman M, Sullivan R, Hyatt K. Magnesium metabolism in
patients undergoing cardiopulmonary bypass. Circulation 1969;
34: 123541

Schwarz S, llias W, Lackner F, Mayrhofers, Foldes F. Rapid
tracheal intubation with vecuronium: the priming principle.
Anesthesiology 1985; 62: 388-91

Seller R. The role of magnesium in digitalis toxicity. Am Heart |
1971; 82: 551-6

Shechter M, Hod H, Chouraqui P, Kaplinsky E, Rabinowitz B.
Magnesium therapy in acute myocardial infarction when patients
are not candidates for thrombolytic therapy. Am | Cardiol 1995;
75: 3213

Shine K, Douglas AM. Magnesium effect on ionic exchange and
mechanical function in the rat ventricle. Am | Physiol 1974;
227: 317

Sibai BM, Graham JM, McCubbin JH. A comparison of intravenous
and intramuscular magnesium sulfate regimens in preeclampsia.
Am | Obstet Gynecol 1984; 150: 728-33

Sinatra RS, Philip BK, Naulty ]S, Ostheimer GW. Prolonged
neuromuscular blockade with vecuronium in a patient treated
with magnesium sulfate. Anesth Analg 1985; 64: 1220-2

Sipes SL, Chestnut DH, Vincent RD, DeBruyn CS, Bleuer SA,
Chatterjee P. Which vasopressor should be used to treat
hypotension during magnesium sulfate infusion and epidural
anesthesia? Anesthesiology 1992; 77: 101-8

Skobeloff E, Spivey W, McNamara R, Greenspon L. Intravenous
magnesium sulphate for the treatment of asthma in the
emergency department. JAMA 1989; 262: 121013

Skorodin M, Freebeck P, Yetter B, Nelson J, Van de Graaff W,
Walsh J. Magnesium sulphate potentiates several cardiovascular
and metabolic actions of terbutaline. Chest 1994; 105: 701-5
Spivey W, Skobeloff E, Levin R. Effect of magnesium chloride on
rabbit bronchial smooth muscle. Ann Emerg Med 1990; 19:
1107-12

Storm W, Zimmerman J). Magnesium deficiency and cardiogenic
shock after cardiopulmonary bypass. Ann Thorac Surg 1997; 64:
572-7

Sutton DN, Tremlett MR, Woodcock TE, Nielsen MS.
Management of autonomic dysfunction in severe tetanus: the
use of magnesium sulphate and clonidine. Intensive Care Med
1990; 16: 75-80

Teo K, Yusuf S, Collins R, Held P, Peto R. Effects of intravenous
magnesium in suspected acute myocardial infarction: overview
of randomised trials. BMJ 1991; 303: 1499-503

The Eclampsia Trial Collaborative Group. Which anticonvulsant
for women with preeclampsia? Evidence from the Collaborative
Eclampsia Trial. Lancet 1995; 345: 1455-63

Thel MC, Armstrong AL, McNulty SE, Califf RM, O’Connor CM.
Randomised trial of magnesium in in-hospital cardiac arrest.
Lancet 1997; 350: 1272-6

Tiffany B, Berk W, Keir Todd I, White S. Magnesium bolus
or infusion fails to improve expiratory flow in acute asthma
exacerbations. Chest 1993; 104: 8314

Tramer MR, Schneider ], Marti RA, Rifat K. Role of magnesium
sulfate in postoperative analgesia. Anesthesiology 1996; 84: 340-7

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

319

Tsai SK, Huang SW, Lee TY. Neuromuscular interactions
between suxamethonium and magnesium sulphate in the cat. Br
J Anaesth 1994; 72: 674-8

Turlaplaty P, Altura B. Magnesium deficiency produces spasms
of the coronary arteries; relationship to aetiology of sudden
death ischaemic heart disease. Science 1980; 208: 198-200
Turnier E, Osborn ], Gerbode F, Popper R. Magnesium and
open-heart surgery. | Thorac Cardiovasc Surg 1972; 64: 694-705
Tzivoni D, Keren A, Cohen A, et al. Magnesium therapy for
torsades de pointes. Am | Cardiol 1984; 53: 528-30

Uchitel OD, Protti DA, Sanchez V, Cherksey BD, Sugimori M,
Llinas R. P-type voltage-dependent calcium channel mediates
presynaptic calcium influx and transmitter release in mammalian
synapses. Proc Natl Acad Sci USA 1992; 89: 3330-3

Vacanti FX, Ames A. Mild hypothermia and Mg protect against
irreversible damage during CNS ischemia. Stroke 1984; 15: 695-8
Vandenberg C. Inward rectification of a potassium channel in
cardiac ventricular cells depends on internal magnesium ions.
Proc Natl Acad Sci USA 1987; 84: 2560—4

Vincent RD, Chestnut DH, Sipes SL, Weiner CP, DeBruyn CS,
Bleuer SA. Magnesium sulfate decreases maternal blood pressure
but not uterine blood flow during epidural anesthesia in gravid
ewes. Anesthesiology 1991; 74: 77-82

Vink R, Mcintosh TK, Demediuk P, Faden Al. Decrease in total
and free magnesium concentration following traumatic brain
injury in rats. Biochem Biophys Res Commun 1987; 149: 594-9
Viskin S, Belhassen B, Sheps D, Laniado S. Clinical and
electrophysiological effects of magnesium sulphate on paroxysmal
supraventricular tachycardia and comparison with adenosine
triphosphate. Am | Cardiol 1992; 70: 87985

Volpe P, Vezu L. Intracellular magnesium and inositol 1,4,5-
triphosphate receptor: molecular mechanisms of interaction,
physiology and pharmacology. Magnes Res 1993; 6: 267-74
Vyvyan H, Mayne P, Cutfield G. Magnesium flux and cardiac
surgery. Anaesthesia 1994; 49: 245-9

Wangeman M, Selzer A, Leitzman C, et al Magnesium
supplementation in allergic diseases (rhinitis). In: Golf S, Dralle D,
Vecchiet L, eds. Magnesium 1993. London: John Libbey, 1994;
421-8

Wesley RC, Haines DE, Lerman BB, DiMarco JP, Crampton RS.
Effect of intravenous magnesium sulfate on supraventricular
tachycardia. Am | Cardiol 1989; 63: 1129-31

Whang R. Magnesium deficiency: pathogenesis, prevalence and
clinical implications. Am | Med 1987; 82: 24-9

Whang R, Dei TO, Aikawa J. Predictors of clinical
hypomagnesaemia—hypokalaemia, hypophosphataemia, hypo-
calcaemia. Arch Intern Med 1984; 144: 1794-6

Wilder-Smith CH, Knopfli R, Wilder-Smith OH. Perioperative
magnesium infusion and postoperative pain. Acta Anaesthesiol
Scand 1997; 41: 1023-7

Wilder-Smith OH, Arendt-Nielsen L, Gaumann D, Tassonyi E,
Rifat KR. Sensory changes and pain after abdominal hysterectomy:
a comparison of anesthetic supplementation with fentanyl versus
magnesium or ketamine. Anesth Analg 1998; 86: 95-101

Witlin AG, Friedman SA, Sibai BM. The effect of magnesium
sulfate therapy on the duration of labor in women with mild
preeclampsia at term: a randomized, double-blind, placebo-
controlled trial. Am | Obstet Gynecol 1997; 176: 6237

Wong ET, Rude RK, Singer FR, Shaw ST. A high prevalence of
hypomagnesemia in hospitalized patients. Am | Clin Pathol 1983;
79: 348-52

Woods K. Possible pharmacological actions of magnesium in
acute myocardial infarction. Br | Clin Pharmacol 1991; 32: 3—10



193

194

195

196

Fawcettet al.

Woods K, Fletcher S. Long-term outcome after intravenous
magnesium sulphate in suspected acute myocardial infarction:
the second Leicester Intravenous Magnesium Intervention Trial
(LIMIT-2). Lancet 1994; 343: 816-19

Woods KL, Fletcher S, Roffe C, Haider Y. Intravenous magnesium
sulphate in suspected acute myocardial infarction: results of
the second Leicester Intravenous Magnesium Intervention Trial
(LIMIT-2). Lancet 1992; 339: 1553-8

Woolf CJ, Thompson SWN. The induction and maintenance of
central sensitization is dependent on N-methyl-D-aspartic acid
receptor activation: implications for the treatment of post-injury
pain and hypersensitivity states. Pain 1991; 44: 293-9

World Health Organization International Collaborative Study of
Hypertensive Disorders of Pregnancy. Geographic variation in
the incidence of hypertension in pregnancy. Am | Obstet Gynecol
1988; 158: 80-3

197

198

199

200

201

320

Wu TJ, Teng R, Tsou KI. Persistent pulmonary hypertension of
the newborn treated with magnesium sulfate in premature
neonates. Pediatrics 1995; 96: 472—4

Young IS, Goh L, McKillop UH, Stanford CF, Nicholls DP,
Trimble E. Magnesium status and digoxin toxicity. Br | Clin
Pharmacol 1991; 32: 717-21

Zehender M, Meinertz T, Faber T, et al. Antiarrhythmic effects
of increasing the daily intake of magnesium and potassium in
patients with frequent ventricular arrhythmias. Magnesium in
Cardiac Arrhythmias (MAGICA) Investigators. | Am Coll Cardiol
1997; 29: 1028-34

Zofkova |, Kancheva RL. The relationship between magnesium
and calciotrophic hormones. Magnes Res 1995; 8: 77-84
Zuspan FP. Problems encountered in the treatment of pregnancy
induced hypertension. A point of view. Am | Obstet Gynecol 1978;
131: 591-7



