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Editorial: Magnesium in Acute Myocardial Infarction 

Coronary artery disease remains the major cause of 
morbidity and mortality in humans, although the 
development ofnew therapeutic strategies has led to 
a dramatic decline in the number of deaths resulting 
from acute myocardial infarction (AMI). Infarct size 
is the critical factor that determines the prognosis of 
patients with AMI. During the past decade, data in­
dicating that magnesium can be used as a "pharma­
cologic agent" for the protection ofthe ischemic myo­
cardium and attenuation ofreperfusion injury have 
been accumulating. However, different outcomes of 
the Second Leicester Intravenous Magnesium Inter­
vention Trial (LIMIT-2) and the Fourth Interna­
tional Study of Infarct Survival (ISIS-4) clinical 
mega-trials have raised much controversy in cardi­
ology with regard to the efficacy of of intravenous 
magnesium administration in patients with AMI. 

In June 1995, a short time after the ISIS-4 data 
had been published, the Fifth European Magnesium 
Congress took place in Vienna. The main topic, 
"Magnesium in Cardiology," was illuminated by the 
majority of the scientific contributions, which in­
cluded various clinical and experimental presenta­
tions. The most intriguing subject of the Congress 
with regard to the main topic was the role ofmagne­
sium in cardiovascular disease, with a special focus 
on the relevance of intravenous administration of 
magnesium in patients with AMI. 

This subject was highlighted at the symposium 
"Cardiovascular Medicine-Acute Myocardial In­
farction: The Importance of Magnesium as a Phar­
macological Agent" at the Fifth European Magne­
sium Congress. With regard to the controversy in 
cardiology stemming from the different results ofthe 
LIMIT-2 and ISIS-4 trials, it was the goal of the 
Symposium to present state-of-the-art magnesium 
therapy for patients with cardiovascular disease and 
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to elaborate future strategies so as to plead in favor 
ofthe efficacy ofintravenous magnesium treatment 
in patients with AMI. At a panel discussion entitled 
"Meet the Experts in Cardiology and Magnesium 
Research: Consensus on Future Regimen of Thera­
peutic Strategies in Acute Myocardial Infarction?" 
after the Symposium lectures, various opinions were 
presented, and this led to a conclusion regarding a 
common concept of the present options. 

This supplement to the American Heart Journal 
includes the manuscripts ofthe lectures presented at 
the Symposium and the discussion contributions of 
the "Meet the Experts" session. 

Dr. Glogar and colleagues describe the manage­
ment of AMI, which has come a long way to its 
present possibilities and its potential for the near 
future. Drs. Seelig and Elin analyze clinical studies 
that have led to the recommendation that intrave­
nous magnesium therapy should be instituted in the 
management of AMI, and they comment on the find­
ings ofthe ISIS-4 trial, on the basis ofwhich opposite 
points of view have developed. Dr. Steurer and 
colleagues present experimental and clinical data 
from studies that describe the effectiveness of mag­
nesium in treating reperfusion injury in patients 
with AMI. Dr. Shechter and colleagues report on 
their study with patients who were not candidates 
for thrombolysis and point out that magnesium lim­
its myocardial damage. Dr. Antman analyzes the 
different outcomes for the ISIS-4 trial and preceding 
magnesium trials and argues that the timing of ad­
ministration is decisive ifmagnesium is to be ofben­
efit in treating patients with AMI. 

The authors and the discussion contributors agree 
that the ISIS-4 trial provided clinically useful infor­
mation. However, they also agree that the role of 
magnesium in AMI has not yet been settled and that 
additional clinical trials are needed. 

The management of patients with AMI comprises 
interventional therapy strategies and pharmacologic 
therapy regimens including thrombolysis, intrave­
nous administration of nitrates and heparin, and 
administration of aspirin, ß-blockers, angiotensin­
converting enzyme (ACE) inhibitors, and, optionally, 
calcium blockers. Thrombolytic agents and aspirin 
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can reduce mortality in patients with AMI; the 
administration of nitrates after AMI and ACE in­
hibitors are also beneficiaL Calcium antagonists, 
however, have no beneficial effect on mortality. 
Interventional and thrombolytic regimens signifi­
cantly improved the outcome of treatment in pa-
tients AM} compared conventional 
therapy. 

Data from clinical studies on the efficacy of intra­
venous administration of magnesium in patients 
with showüd reduction in mo1'tality among 
patients who receivcd magnesium cornpared 
control patients. Furthermore, evidence suggests 
that magnesium is a suitable "pharmacologic agent" 
that prevent rnyocardial n,perfusion injury 
reduce infarct size ifadministe1'ed within to 6 hou1's 
after onset of anginal pain and before thrombolysis 
is exerted. These findings throw new light on the 
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subject by presenting noteworthy explanations and 
recommendations. We now have the thrilling chal-
lenge offinding ultimate truth the 
of magnesium therapy in patients wilh AMI. Clini­
cal trials attempting to prove the efficacy ofpharma­
cologic treatment exerted at the molecular level­
and ma/.,'TIesium aets at the molecular 
carcful claboratiun and evaluation. MagnesluIIl 
in Coronaries (MAGIC) and Pressure-controlled 
Intermittent Coronary Sinus Occlusion (PICSO) pro-
jects point out future directions on basis 
actual present knowledgc magnesium research in 
the field of cardiology. It is hoped that these trials 
will provide important information about the role of 
magnesium In 
AMI. 

management of patients 

Ronald Smetana, MD, BPh 
Guest Editor 



Management of acute myocardial infarction: Evaluating 
the past, practicing in the present, elaborating the future 

Dietmar Glogar, MD, FESC, Paul Yang, MD, and Günter Steurer, MD Vienna, Austria 

The management of acute myocardial infarction initially fo­
cused on treatment and/or prevention of complications. In 
the prethrombolytic era, therapeutic regimens mainly com­
prised the use of antianginal and antiarrhythmic drugs. The 
development of semi-invasive hemodynamically guided 
treatment concepts led to remarkable improvement in clin­
ical outcome. After the introduction of the "wave-front phe­
nomenon," multiple pharmacologic treatment strategies 
were developed with the goal of infarct size reduction. The 
use of thrombolytic agents reduced infarct size and im­
proved prognosis of patients with acute myocardial infarc­
tion. Acute angioplastic intervention was introduced in spe­
cialized centers to achieve rapid restoration of coronary 
blood flow. The protection of the myocardium from reperlu­
si on injury, however, remains an unresolved issue. Intrave­
nous magnesium administration in conjunction with new 
and better recanalization techniques could therefore be a 
promising therapy strategy in patients with acute myocar­
dial infarction. (Am Heart J 1996;132:465-70.) 

Treatment of patients with acute myocardial infarc­
tion (AMI) has gone through a very long evolution, 
and the development ofnew and better strategies is 
ongoing.1 In-hospital management of patients with 
symptoms of AMI started with patient surveillance 
and the treatment ofinfarct complications.2, 3 In the 
1970s, pulmonary artery catheterization of patients 
with AMI enabled hemodynamic measurements and 
guided pharmacologic therapy on the basis ofhemo­
dynamic values.4-6 Mter routine hemodynamic mon­
itoring was introduced in patients with acute is­
chemie syndromes, the development of new cardiac 
imaging techniques aroused interest in determining 
infarct size and developing treatment strategies to 
reduce infarct size. 7,8 In the 1980s the aggressive use 
of thrombolytic agents reduced the extent of infarct 
size and improved the pro gnosis of patients with 
AMI. 9-13 However, the finding that fibrinolytic agents 
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resulted in incomplete and delayed revasculariza­
tion in a cohort of patients attenuated the enthusi­
asm of the early thrombolytic era.14 When it was 
found in large randomized trials that direct coronary 
angioplasty opens occluded coronary arteries more 
rapidly and in a greater number of patients com­
pared with thrombolytic therapy, direct angioplasty 
was established as a substitute for thrombolysis. 15-17 

In addition to the enormous advances that have 
been achieved in restoring the patency ofthe infarct­
related artery, successful suppression of neurohu­
moral activation after AMI by angiotensin-convert­
ing enzyme (ACE) inhibitors has been found to 
prevent ventricular remodeling and improve the 
long-term outcome ofpatients with an infarction.18-21 
Lifestyle changes, including a reduction in cigarette 
smoking, maintenance of a diet lower in saturated 
fat and cholesterol, an increase in the level of exer­
eise, and use of aspirin and lipid-Iowering therapy, 
has further contributed to a decline in mortality from 
ischemic he art disease. 22-24 

PREHOSPITAL MANAGEMENT 

Early hospitalization of patients with AMI re­
duced mortality in the prehospital period and stim­
ulated the development of ambulance systems and 
the formation of coronary care units . The Austrian 
health system and the Austrian Heart Foundation 
were early supporters ofthe installation of coronary 
care ambulances and helicopters staffed by medical 
teams or trained paramedies. Between 1970 and 
1980, approximately 90 of 120 intern al medicine de­
partments in Austria were provided with coronary 
care units. 25 

In the prethrombolytic era, the prehospital man­
agement of patients with AMI focused on oxygen 
supply, pain reliefwith analgesics, pre- and afterload 
reduction with nitrates, antithrombotic therapy with 
aspirin, and provision of facilities for resuscitation.3 
In the thrombolytic era, the prehospital administra­
tion of thrombolytic agents significantly improved 
the outcome of patients with AMI compared with in­
hospital thrombolytic therapy.26 This treatment reg-
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imen, however, has not achieved widespread accep­
tance because of logistical reasons and the inability 
ofmost ambulance systems and hospitals to organize 
such prehospital care programs. 

CORONARY CARE UNIT 

The establishment of coronary care units (CCUs) 
staffed by a trained medical team 24 hours a day en­
abled continuous monitoring of cardiac rhythm, 
noninvasive and invasive hemodynamics, arterial 
oxygen saturation, and blood chemistry in patients 
with acute myocardial ischemia. The widespread use 
of direct current (DC) defibrillators for resuscitation 
of patients with ventricular fibrillation, the reduc­
tion ofventricular filling pressure with the use ofni­
trates, the reduction of afterload with the use ofva­
sodilators, the treatment of pump failure with the 
use of inotropic pharmacologic agents, and the man­
agement of tachyarrhythmias with lidocaine and 
bradyarrhythmias with pacemakers dramatically 
reduced in-hospital mortality in the early CCU era 
compared with that in the pre-CCU era.3.6 The 
invasive monitoring ofhemodynamics with the use of 
a pulmonary artery balloon flotation catheter guided 
pharmacologic therapy.27 In particular, the relation­
ship between the left ventricular filling pressure and 
the cardiac index was used for hemodynamic classi­
fication and risk stratification in patients with 
AMJ.28, 29 

ANTIARRHYTHMIC THERAPY STRATEGIES 

DC cardioversion is the therapy of choice for the 
management of primary ventricular fibrillation, the 
most important complication of AMI. 30 Failure ofDC 
shock to restore sinus rhythm indicates a poor prog­
nosis,31 and it was found that adjunctive agents, in­
cluding adrenaline, lidocaine, and bicarbonate, failed 
to improve prognosis. Prophylactic lidocaine therapy 
was used less frequently after it was observed that 
rhythm disorders are frequent in the early hours of 
acute infarction, but require aggressive treatment 
only if hemodynamic consequences are observed or 
ventricular tachycardia or fibrillation occurs.32 

Heart block may develop in 6% to 14% ofpatients 
with AMI. In-hospital mortality is higher in patients 
in whom heart block develops, whereas the long­
term prognosis of patients discharged from the hos­
pital after AMI is similar whether or not acute heart 
block develops. 33,34 Despite the continuous decline of 
in-hospital mortalityofpatients withAMI as aresult 
ofimprovement ofthe management ofacute compli­
cations, mortality has remained considerably high. 
In the 1970s, an Austrian infarct study revealed an 
average mortality of between 20% and 30% in pa-
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tients with AMI, depending on the age and risk sit­
uation of the patient.25 

Spontaneous sustained ventricular tachycardia 48 
hours after AMI and inducible ventricular tachycar­
dia are late complications of AMI resulting from a 
fIXed reentry circuit and have prognostic importance. 
The optimal management of patients with episodes 
of sustained ventricular tachycardia includes anti­
arrhythmic drug therapy with class In drugs, im­
plantation of an intracardiac defibrillator, and anti­
arrhythmic surgery.35 Whereas initial studies of 
class In antiarrhythmic agents such as amiodarone 
suggested an improved survival rate in patients af­
ter myocardial infarction,35 this was not confirmed 
by recent prospective studies.36 The Survival With 
Oral d-Sotalol (SWORD) trial36 assessed the effect of 
d-sotalol on patients who survived AMI. The trial 
was discontinued when an association was found be­
tween d-sotalol medication and increased mortality 
risk. 

The implantable defibrillator has been shown to 
significantly reduce the incidence of sud den death in 
patients with ventricular arrhythmias and he art 
failure. However, doubts still exist ab out its ability to 
improve long-term survival rates.35 

PHARMACOLOGIC THERAPY FOR INFARCT SIZE 
REDUCTION 

Since Reimer et a1.37 introduced the "wave-front 
phenomenon" concept of infarct expansion in the late 
1970s, multiple pharmacologic strategies have been 
developed to reduce infarct size. Several clinical tri­
als have demonstrated that early mortality is re­
duced by administration of intravenous ß-blockers, 
particularly atenolol and metoprolol, followed by oral 
treatment for varying periods.38 Two mega-trials, 
the First International Study of Infarct Survival 
(ISIS-1)39 (atenolol) and Metoprolol In Acute Myo­
cardial Infarction (MIAMI)40 (metoprolol), have 
shown a 13% to 14% reduction in early mortality. 
Although mechanisms for early mortality reduction 
by ß-blockade are still unclear, results from clinical 
studies suggest that the most probable underlying 
mechanisms are limitation of infarct progression, 
reduction ofinfarct size, reduction ofthe incidence of 
reinfarction, and, to some extent, suppression ofma­
lignant ventricular arrhythmias.39-41 The benefit 
achieved by early administration ofß-blockers trans­
lates into substantial long-term benefit. Mainte­
nance of ß-blockers is thus recommended after AMI, 
although similar benefits may be achieved with other 
pharmacologic treatment strategies such as ACE in­
hibitors and lipid-lowering agents. 

It has been shown that when nitrates are admin-
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istered during the acute phase of the infarction, 
infarct expansion and mortality are reduced by 
approximately 30%.42 8everal clinical trials have re­
vealed beneficial effects ofnitrates, administered ei­
ther intravenously or orally, with respect to mortal­
ity reduction, limitation of infarct size, preservation 
of the jeopardized myocardium, or improvement of 
ventricular function. 42, 43 In contrast, the 1818-4 trial 
failed to indicate a long-term benefit ofnitrate med­
ication after acute infarction.44 However, the results 
of the 1818-4 trial did not change management 
strategies concerning AMI, and nitrates are still 
used during the acute stage and as chronic medica­
tion in symptomatic patients. 

Trials of antiischemic drugs, especially ß-blockers 
and nitrates, were carried out before the use of 
thrombolysis and primary angioplasty became wide­
spread. Whether ß-blockers, nitrates, and other 
pharmacologic agents provide beneficial effects in 
conjunction with thrombolytic therapy or primary 
mechanical reperfusion strategies remains to be de­
termined in well-designed clinical trials. 

INTRAVENOUS THROMBOLYTIC THERAPY 

In the early 1980s DeWood et a1.45 convincingly 
demonstrated that thrombotic occlusion occurs in 
the early phase of myocardial infarction. Plaque fis­
suring and/or disruption with subsequent thrombus 
formation, occlusion, or reocclusion of the vessellu­
men have been established as the major pathomech­
anisms underlying acute ischemic syndromes.46, 47 
Consequently, lysis of the obstructing coronary 
thrombus has become the focus of research during 
the past decade. 

Although spontaneous clot lysis may occur in ap­
proximately 20% ofmyocardial infarctions,45 in most 
cases it occurs too late to save the viable myocar­
dium. Early reperfusion with the use ofthrombolytic 
agents has been shown to have favorable results for 
early and late survival, preservation of the ventric­
ular function, and limitation of infarct size.9, 48-50 
However, the first attempts at thrombolysis in the 
early 1970s turned out to be rather frustrating. The 
European Working Party51 performed one ofthe first 
large-scale trials that studied the efficacy of systemic 
thrombolysis; in this trial, streptokinase was used in 
an infusion protocol for several hours, followed by 
anticoagulation with coumadin. Although a trend for 
improvement in the mortality rate was noted, there 
was also a high rate of bleeding complications and 
strokes. Issues of timing, dose, and dura ti on of 
thrombolytic therapy remained unanswered.51, 52 

Intracoronary application of thrombolytic agents 
was first introduced as a viable treatment concept by 
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Rentrop et al. 53 in the early 1980s. In these first se­
ries, intracoronary thrombolysis with streptokinase 
was effective in achieving patency in more than 80% 
of patients after 1 to 2 hours of treatment. The fea­
sibility of intracoronary lysis in clinical settings re­
mained questionable because of the limited avail­
ability of catheterization laboratories and the time 
wasted. by the admitting institutions before treat­
ment was started. 

The first large trial of systemic thrombolytic ther­
apy in patients with AMI, Gruppo Italiano per 10 
8tudio della 8treptochinasi nell'Infarto Miocardico 
(GI88I),9 reaffirmed the importance of early therapy 
by demonstrating a 23% reduction in in-hospital 
mortality among patients treated with intravenous 
streptokinase within 3 hours of the on set of ehest 
pain and a 50% reduction in mortality among those 
treated within 1 hour after the onset of ehest pain.9 
8ince then, several trials have attempted to prove 
the superior efficacy of various thrombolytic agents 
and treatment protocols with respect to mortality 
and left ventricular function. The largest of these 
trials were GI88I-254 and 1818-3,55 both of which 
compared the efficacy of intravenous streptokinase 
and recombinant tissue plasminogen activator (r­
tPA). Data from these two trials, which included 
more than 60,000 patients, have shown equivalent 
survival rates with the use of either streptokinase or 
r-tPA. However, several large-scale trials dem on­
strated that the use ofr-tPA activator achieved more 
rapid, complete, and earlier thrombolysis. The 
Thrombolysis In Myocardial Infarction (TIMI) trials 
have shown that r-tPA is superior to streptokinase in 
achieving early reperfusion.56 Compared with the 
standard thrombolytic regimen with streptokinase, 
a survival benefit was found when accelerated t-PA 
was given with intravenous heparin. 14, 57 Among tri­
als that dealt with a "frontloaded" r-tPA dose re gi­
men,lO the RAPID trial58 demonstrated coronary 
patency in 78% of the patients after 60 minutes and 
in 95% of the patients after 14 days. 

ADJUNCTIVE THERAPY 

Results of several trials suggest that the use of ad­
ditional medication further increases the beneficial 
effects of thrombolytic therapy.55,59 In the 1818-2 
trial,59 the combination of antiplatelet and throm­
bolytic therapy almost doubled the mortality re duc­
tion without causing a significant increase in bleed­
ing complications. These results support the early 
addition of aspirin to intravenous streptokinase 
therapy. 

The administration of intravenous magnesium in 
AMI as shown in the 8econd Leicester Intravenous 
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Magnesium Intervention (LIMIT -2) tria160 resulted 
in an attenuation ofleft ventricular dysfunction and 
a reduction of mortality in the early post-infarction 
period compared with patients who received placebo. 
The dose regimen used in the LIMIT-2 trial was a 
bolus infusion of 8 mmol magnesium followed by an 
infusion of 65 mmol during a 24-hour period. To es­
tablish a therapeutic regimen of intravenously ad­
ministered magnesium, the LIMIT-2 protocol was 
adopted for 1818-4, a clinical mega-trial.44 However, 
results from the 1818-4 trial concerning the efficacy 
of magnesium therapy in AMI were disappointing 
and led to the so-called "I8I8-crisis." Consecutively, 
several reviews61-62 and meta-analyses63-65 of 
LIMIT-2, 1818-4, other previous clinical trials indi­
cated that the timing ofmagnesium therapy plays a 
pivotal role in the success of magnesium treatment. 
Thus the pharmacologic role of magnesium in AMI 
must be elucidated by additional clinical trials. 

PRIMARY ANGIOPLASTY 

The use of balloon angioplasty as an alternative 
strategy to achieve reperfusion was first introduced 
by Hartzier et al.66 in the early 1980s. 8ince then 
several interventional centers have been performing 
primary or direct coronary angioplasty with a high 
rate of success and a low in-hospital mortality rate. 
The rate of infarct-vessel patency was consistently 
high in reported observation studies,67 and a re duc­
ti on in the incidence of hemorrhagic stroke and 
bleeding complications was noted. 

During the past few years, encouraging results 
have been reporled from several randomized trials 
that compared primary angioplasty and intravenous 
thrombolysis with tissue-plasminogen activator or 
streptokinase. 16, 17,68 Although most of these trials 
failed to show an improvement of ejection fraction or 
infarct size (with the exception of the "Zwolle trial" 
by Zijlstra et al. 17 that found an improvement of 
ejection fraction for primary angioplasty versus 
streptokinase), the rapid restoration ofinfarct vessel 
patency and flow, and the improved survival rates 
are evident with primary angioplasty. Improve­
ments in intervention al techniques and equipment, 
and compelling results of studies of new adjunctive 
pharmacologic agents such as glycoprotein IIblIIIa 
receptor antagonists justify expectations of further 
refinement of acute interventional approach in high­
risk patients, and particularly in patients with AMI. 

SUMMARY 

Because of the recent development of many com­
peting strategies for the management of AMI, we are 
currently confronted with the problem of being 
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unable to recommend one particular strategy as the 
optimal means of managing AMI. Prospective ran­
domized protocols usually involve treatment strate­
gies performed under optimized conditions that may 
not be found in everyday life for the majority of pa­
tients. Therefore, the availability of local resources, 
the cost-effectiveness of strategies, and the optimal 
timing for specific treatment modalities must be 
taken into consideration when making a treatment 
choice. It will be necessary for future investigations 
to address the question of combined treatment strat­
egies, such as the combination of several pharmaco­
logic treatment modalities or the use of aggressive 
interventional strategies in combination with phar­
macologic interventions. 

The concept ofintravenous administration ofmag­
nesium in patients with AMI has evolved over time 
from an adjunctive treatment modality for the re­
duction of arrhythmias during the first hours of in­
farction to an effective pharmacologic treatment for 
the attenuation of reperfusion injury. Thus, in the 
near future we may observe a more widespread use 
of a combined treatment strategy involving early 
reperfusion by means of either primary angioplasty 
or thrombolysis together with early loading treat­
ment with magnesium infusion. This treatment 
strategy may be followed by a medication protocol 
with ACE inhibitors, ß-blockers, and lipid-lowering 
agents to achieve maximum long-term benefit. 
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Is there a place for magnesium in the treatment of acute 
myocardial infarction? 

Mildred 8. 8eelig, MD, MPH,a and Ronald J. Elin, MD, PhDb Chapel Hill, N.C., and Bethesda, Md. 

Infusions of solutions of magnesium sulfate for patients with 
acute myocardial infarction were shown by a meta-analysis 
of seven small studies and a larger study of 2316 patients 
(LlMIT-2) to have clinical efficacy. However, the 1515-4 study 
of 58,050 patients found no improvement in short-term mor­
tallty rates with magnesium therapy in patients with acute 
myocardial infarction. In this article we explore the following 
four differences between the 1515-4 study and the earlier 
studies: (1) Time of initiation of magnesium treatment after 
acute myocardial infarction and thrombolytic therapy; (2) 
dosage of magnesium in the first 24 hours after acute myo­
cardial infarction; (3) duration of magnesium infusion after 
acute myocardial infarction; and (4) differences in patient 
risks in control and treatment groups. These four differ­
ences may explain the different outcomes among these 
studies and indicate the type of additional studies that are 
needed to define the clinical utility of magnesium infusion in 
the treatment of patients with acute myocardial infarction. 
(Am Heart J 1996;132:471-7.) 

Published results of magnesium salt infusions for 
patients with suspected acute myocardial infarction 
(AMI)1-33 have ranged from little or no benefit and 
slightly increased risk19 to as much as an 89% 
reduction in the short-term mortality rate15 in small 
studies with up to 300 patients per studyl-18, 20, 21 
and a 25% lower short-term mortality rate in the 
8econd Leicester Intravenous Magnesium Interven­
tion trial (LIMIT-2), an intermediate-sized study of 
2316 patients.22, 23 Magnesium infusion not only re­
sulted in a lower mortality rate that persisted in 
long-term follow-up,4, 21, 23 but it improved left ven­
tricular function in the 28-day phase ofthe LIMIT-2 
study.22 The predominantly good results reported 
among the 1300 patients with AMI from the small 
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studies in the meta-analysis24,25 led to recommen­
dations that magnesium therapy be instituted in the 
management of patients with AMI. 24-28 80me inves­
tigators commented that more extensive studies 
were required for the results to be convincing.29-31 

The Fourth International 8tudy of Infarct 8ur­
vival (I8I8-4), an extensive mega-study of 58,050 
patients,32 concluded that magnesium infusion 
achieved no lowering of the mortality rate and even 
presented some increased risk. This unexpected 
finding, combined with questions ab out the validity 
of the smaller studies (on the basis of statistical 
analysis that treated all findings as ifthey had been 
obtained from studies using the same protocol), 
evoked editorials with opposite points of view,33-36 
commentaries,37-39 letters to editors,40-44 and more 
extensive discussions of the mechanisms of magne­
sium action that be ar on the different outcomes of 
its use in myocardial infarction and reperfu­
sion. 16, 21, 45-48 80me of the activities of magnesium 
that are considered potentially protective against is­
chemia-induced cardiac dysfunction and tissue dam­
age, thereby preventing extension of AMI-induced 
myocardial damage, include antiplatelet aggrega­
tion, vasodilating effects (mediated in part by plate­
let-derived and endothelium-derived factors), calci­
um-blocking effects, reduction ofpotassium loss, and 
proteetion against free radical-induced injury. Anti­
arrhythmie effects, which were also expected to ex­
ert protective effects, were encountered in the clini­
cal studies by Rasmussen et al.3 and 8hechter et 
al.,15, 16 but not by Woods et aP2 

In his analysis of errors that resulted when data 
from heterogeneous studies were treated as if they 
were from homogeneous studies, Antman35 pointed 
out that "big numbers do not tell the whole story." 
Apart from differences in protocols of the smaller 
studies and the mega -study, the involvement of more 
than 1000 hospitals in the 1818-4 trial must have re­
sulted in differences in procedures. Four clinically 
important dissimilarities are found among the pro­
tocols used in the small studies, 1-21 LIMIT _2,22-23 and 
1818-432 that affect comparative mortality rates: (1) 
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time ofinitiation ofmagnesium treatment after AMI 
and thrombolytic therapy; (2) dosage of magnesium 
in the first 24 hours after AMI; (3) duration of post­
AMI magnesium infusion; and (4) differences in pa­
tient risks in control and treatment groups. 

TIME OF INITIATION OF MAGNESIUM TREATMENT 
AFTER AMI AND THROMBOLYTIC THERAPY 

Important insight into the marginal effects of 
magnesium infusions in the ISIS-4 study is gained by 
considering the evidence that magnesium must be 
provided as soon as possible after AMI and before 
reperfusion. In the small studies and the LIMIT-2 
study, magnesium infusion was begun as soon as 
possible after on set of symptoms and before, simul­
taneously with, almost immediately after, or without 
fibrinolytic therapy. In the ISIS-4 study, 70% ofthe 
patients received thrombolytic therapy several hours 
before magnesium infusion was begun. Woods et 
a1.22 attributed the 24% reduction in the 28-day 
mortality rate in the LIMIT-2 study to prompt 
administration ofmagnesium, which had been shown 
in laboratory studies (see below) to lessen reperfu­
sion injury, which begins immediately after blood 
flow is reestablished. In arecent report by Thogersen 
et a1. 21 of a 22-month follow-up ofpatients with sus­
pected AMI, fibrinolysis had been induced within 20 
minutes of admission in 59% of those who received 
magnesium infusion shortly thereafter. The in-hos­
pital mortality rate was 2 of 118 (1.7%) in patients 
who received magnesium and 7 of111 (6.3%) in those 
who received the placebo infusion. Patients with 
proven AMI had a 48% mortality risk reduction 
compared with placebo control subjects. Mter 22 
months there were 23 deaths (3.1%) in the group 
treated with magnesium and 31 deaths (6.6%) in the 
group given placebo; the mortality rate had de­
creased by 54%. Thrombolysis, which was induced 
very shortly before the magnesium was adminis­
tered, exerted no effect on the favorable response to 
magnesium. 

Induced ischemia in isolated hearts and in vivo 
and comparative clinical studies have shown that the 
corrective effects of pharmacologic amounts of mag­
nesium are diminished when the magnesium is ad­
ministered as little as 1 hour after reperfusion has 
been initiated. Kirkels et a1.49 demonstrated in an 
isolated he art model that loss of myocardial magne­
sium during ischemia and reperfusion did not greatly 
impair energy production but that high levels of 
magnesium before ischemia or during reperfusion 
may weIl be protective because of interactions of 
magnesium that affect calcium, potassium, and so­
dium fluxes. In evaluating the myocardial damage 
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caused by ischemia, cardioplegia, and re perfusion, 
Shattock et a1. 50 attributed some of the funetional 
and antiarrhythmic effects of magnesium to its pre­
vention of cellular Ca overload. DuToit and Opie51 
showed in a working rat heart model that magne­
sium attenuated Ca influx only when it was admin­
istered within 15 minutes of reperfusion. Leor and 
Kloner52 demonstrated substantial diminution ofin­
faret size when magnesium infusion was started in 
rats before coronary occlusion and sustained for 45 
minutes after reperfusion was initiated. Similarly, 
Monteiro Barros et a1.53 demonstrated in a dog 
model that early magnesium infusion (just after oc­
clusion and at reperfusion) reduced infarct size. Pig 
models have also been used to show the protective 
effects of magnesium. Meus et a1. 54 found that a 
magnesium load immediately after coronary ligation 
followed by infusion of 1 gm/lw for 24 hours pre­
vented the ventricular fibrillation seen in all control 
pigs given saline solution, even though the magne­
sium treatment only slightly reduced the size ofthe 
infaretion compared with that of controls. Herzog 
and Atar and their coworkers42, 43, 55 studied infu­
sions of MgS04 at the time of transient coronary 
ischemia or after coronary occlusion and reperfusion. 
They found that magnesium, when given early 
enough, significantly attenuated stunning and re­
duced infarct size in pigs treated with magnesium 
compared with controls. 

The need for early initiation of magnesium ther­
apy raises the question of whether magnesium, an 
essential element and a pharmacologic agent when 
given in high doses,56-58 might funetion to limit or 
replace myocardial magnesium loss caused by ische­
mia and reperfusion. Bloom59 and Chang et a1. 60 
showed that magnesium-deficient dogs that were 
subjeeted to coronary occlusion, maintained for an 
hour, and then reperfused for 4 hours had larger in­
farcts than did similarly challenged magnesium-re­
plete dogs. The work ofHerzog et a1.61 has provided 
additional insight into a possible mechanism of the 
increase in vulnerability to myocardial ischemia 
with magnesium deficiency: Magnesium-deficient 
pigs subjected to ischemic stunning are protected by 
antioxidants. 

Fewer instances of 28-day left ventricular failure 
(a strong predictor of subsequent mortality) in 
LIMIT-2 patients treated with magnesium might 
relate to their 21% greater survival rate during a 
mean follow-up of2.7 years. 23 This is in accord with 
protection provided by early magnesium therapy 
against ischemia-perfusion injury, with timing of 
magnesium treatment in relation to thrombolytic 
therapy being critical. This explanation of contrast-
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ing ISIS-4 results was refuted by Yusuf and Flath­
er,33 who judged that recanalization of occluded ar­
teries would have been almost simultaneous with 
magnesium infusion in a large proportion of ISIS-4 
patients. However, in the complete report32 it was 
estimated that arterial patency of 50% to 60% was 
restored by 90 minutes in the 70% of patients who 
received fibrinolysis. Half of these patients were 
given magnesium within 2 hours after starting 
fibrinolysis. An additional 25% appear to have re­
ceived magnesium between 2 and 6 hours after 
occlusion and subsequent fibrinolysis; this was too 
late for magnesium protection. 

DOSAGE OF MAGNESIUM IN THE FIRST 24 HOURS 
AFTER AMI 

The amount of magnesium infused during a 24-
hour period might account for differences in adverse 
effects. Galloe and Grauda140 suggest that the opti­
mal amount of magnesium in the first 24 hours might 
be 55 mmol/24 hr and that more than 75 mmol/24 hr 
might increase the mortality rate, on the basis of 
the dosage of magnesium infused during 24 hours af­
ter AMI ([Mg)) and the relative risk of death in 10 
studies. We performed a similar analysis, selecting 10 
trials in which the dosage of magnesium adminis­
tered during the first 24 hours oftherapy after AMI and 
the short-term mortality rate were defined (Table I). 
We treated each of these trials as an independent 
event, knowing that the number of patients per trial 
variedgreatly. Agraphofthese 10 trials using acurve­
fitting algorithm (SAS Institute Inc., Cary, N.C.) 
produced a curve with the following equation: Mor­
tality = -0.04[Mgl- 0.089[Mg]2 + 0.00115 [MgP (Fig. 
1). The curve was constrained to go through the origin 
because no magnesium therapy would have no effect on 
short-term mortality. This curve crosses the abscissa at 
77.8 mmol/24 hr [Mgl, which suggests that a magne­
sium concentration beyond this value exceeds the 
therapeutic window. The nadir is 52.2 mmol/24 hr 
[Mg], which suggests that this is the optimum dosage 
of magnesium at the time of AMI. However, a cluster 
ofthree studies that administered between 63 mmol/24 
hr to 67 mmol/24 hr had the best improvement in 
short-term mortality rates. 

Hypermagnesemia, by inducing generalized va­
sodilatation, can cause profound hypotension. This 
did not occur in the LIMIT-2 study, in which [Mg] 
was 73 mmol/24 hr. In the ISIS-4 study the [Mg 1 was 
80 mmol/24 hr, and hypotension was significantly 
more frequent in patients treated with magnesium 
than in control subjects (2p < 0.001); hypotension 
was sometimes of sufficient severity to necessitate 
termination ofmagnesium infusion.32 This observa-

Seelig and Elin 473 

Table I. Short-term mortality rate compared with 24-hour 
magnesium dosage 

24-hour Mg* Short-term t 
Trial (reference) dosage (mmol) mortality (%) 

Feldstedt et al. 19 80 24 
1818-432 80 5.5 
Woods et aP2 73 -24 
8hechter et aP7 67 -76 
8mith et at5 65 -71 
8hechter et al. 15 63.9 -89 
Morton et al. 1 60 -55 
Rasmussen et al. 2 49.8 -61 
Ceremuzynski et al. 13 32 -69 
Abraham et aP 7 10 -5 

*The amount ofmagnesium infused during the first 24 hours for treatment 
01' AMI. Trials are listed in decreasing order by amount 01' magnesium in­
fused per 24 hours. 
tThe short-term mortality rate Cusually the 28 days after AMI) is the per­
centage difference between the mortality rate ofthe control group and the 
mortality rate ofthe group treated with magnesium divided by the mortal­
ity rate 01' the control group. 

tion was made in 1991 by Feldstedt et al. ,19 who also 
provided infusions of 80 mmol/24 hr in the first 24 
hours. This might increase the risk of shock and of 
myocardial necrosis extension. Hypermagnesemia 
also caused blocks of conduction and bradycardia. 
Patients treated with magnesium in the ISIS-4 study 
had a slightly increased incidence of second- or 
third-degree heart block, a small but a significant 
increase in heart failure (2p < 0.001), and an in­
creased number of deaths as a result of cardiogenic 
shock (2p < 0.001) that emerged during or just after 
the infusion. The treatment group ofthe small study 
that used 80 mmol/24 hr magnesium19 had more 
atrioventricular conduction disturbances that were 
attributed to hypermagnesemia than did control 
subjects and had a slightly higher mortality rate. 
Thus the two studies that infused 80 mmol/24 hr 
magnesium in the first 24 hours19,32 found an 
increase in hypotension and conduction disturbances 
consistent with a dosage of magnesium in excess of 
the therapeutic threshold. 

DURATION OF MAGNESIUM INFUSION AFTER AMI 

Another difference between the small and large 
studies was in the duration ofmagnesium treatment 
after AMI. In most of the small studies, infusions of 
a lower dose ofmagnesium were given after the first 
24 hours, for aperiod of an additional 12 hours to 2 
full days. Because the antitachydysrhythmic effect 
of magnesium62-64 was seen only in the small 
studies,l-17 continuation of magnesium infusion af­
ter the infarct might improve the ultimate outcome. 
In a comparison of a 3-day course of intravenous 
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Fig. 1. Plot ofthe data in Table I with the percentage short-term mortality on the ordinate and the dos­
age of magnesium infused over 24 hours after AMI ([Mg]) on the abscissa. Each trial constituted an in­
dependent event. The curve was constrained to pass through the origin. The equation for the curve is as 
folIows: Short-term mortality = <O.04[Mg] < O.089[Mg]2 + O.00115[Mg]3. The curve crosses the abscissa at 
77.8 mmo1l24 hr [Mg], and the nadir is 52.2 mmol/24 hr [Mg]. 

magnesium infusions with that of streptokinase, 
Ising et al. lO and Rebentisch et a1. 1l found that the 
requirement for antiarrhythmic treatment after the 
infarction was reduced more by magnesium than by 
streptokinase. A double-blind randomized trial ofthe 
effect of20 hours ofintravenously administered Mg-
804 in patients with symptoms of acute myocardial 
infarction and results after a mean of22 months fol-
10w_up20,21 disclosed not only a mortality rate that 
was approximately halfthat of patients who received 
an infusion ofplacebo but also a tendency toward re­
duction in ventricular premature contractions. Be­
cause neither the 1818-432 nor LIMIT-223, 65 studies 
verified the long-accepted antiarrhythmic action of 
magnesium that was shown in the sm aller clinical 
trials of magnesium infusions without fibrinolytic 
agents, most of which were of longer duration, 
investigation to determine the optimum duration of 
treatment is indicated. 

DIFFERENCES IN PATIENT RISKS IN CONTROL AND 
TREATMENT GROUPS 

The mortality rates of control groups inevitably 
influence the improvement rates oftreatment groups 
that receive effective therapy. It is possible that con­
trol subjects in the LIMIT-2 study had higher mor­
tality rates than did control subjects in the 1818-4 
study because fewer LIMIT -2 control subjects un­
derwent thrombolysis or received antiplatelet ther­
apy than did 1818-4 control subjects (35% versus 70% 

and 66% versus 94%, respectively). The greater than 
50% reduction in mortality rate of patients treated 
with magnesium compared with control subjects in 
the small studies reflects high mortality rates for the 
control subjects, possibly because antiplatelet and 
fibrinolytic therapy was not customary in the 1980s 
when these small studies were done. In addition, the 
selection ofhigh-risk patients (the elderly [older than 
70 years] andJor patients unsuitable for thrombolytic 
therapy) explains the very high mortali ty rate for the 
control group in the study by 8hechter et a1. 15, 17 

versus the impressive reduction in mortality rate of 
those treated with magnesium infusions (4% in pa­
tients with magnesium infusions compared with 
17% in patients who received placebo infusions). 

RATIONALES FOR MAGNESIUM TREATMENT OF 
ACUTE MYOCARDIAL INFARCTION 

Rasmussen46 considered many of the actions of 
magnesium as justification for instituting his mag­
nesium infusion research trial in patients with AMI. 
He and his colleagues demonstrated that patients 
with ischemic heart disease with and without infarc­
tion had magnesium deficiency by showing that they 
retained magnesium when an intravenous magne­
sium challenge test was used.66 Rasmussen46,47 

commented that mechanisms of beneficial effects of 
magnesium therapy are multifactorial: (1) it has a 
direct depressive effect on the cardiac conduction 
system, thus decreasing risk of tachydysrhythmia; 
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(2) it has an arterial dilatory effect, increasing coro­
nary blood flow and reducing afterload on the myo­
cardium; (3) it results in decreased infarct size; (4) it 
has an ion stabilizing effect, maintaining stable in­
tracellular and extracellular potassium, sodium, and 
calcium concentrations with decreased myocardial 
calcium overload; (5) it improves energy generation 
in myocardium; and (6) it inhibits platelet aggrega­
tion. In his doctoral thesis, Rasmussen47 considers 
predisposing factors ofmagnesium deficiency in car­
diovascular patients and mechanisms by which the 
repletion and pharmacologic use of magnesi um exert 
beneficial effects. 

In planning LIMIT-2, Woods48 considered some of 
the aforementioned activities of magnesium that 
should protect against extension of AMI-induced 
myocardial damage, as weIl as calcium blocking, fa­
vorable effects on platelet-derived and endothelium­
derived platelet-aggregating and vasoactive factors, 
and protection against free radical-induced injury. 

Predisposing factors of magnesium deficiency in 
patients with AMI include inadequate dietary mag­
nesium intake, use of diuretics, and secondary hy­
peraldosteronism. In addition, the stress of AMI in­
creases catecholamine release and magnesium shift 
out of myocardial cells and increases calcium up­
take.67 The therapeutic effects of pharmacologic 
doses of magnesium include coronary dilation with 
increased coronary blood flow and decreased periph- . 
eral resistance; increased myocardial magnesium 
and inhibition ofmyocardial calcium overload, which 
improve mitochondrial ATP synthesis; decreased 
catecholamine-induced magnesium/calcium shifts; 
suppression of arrhythmias; and inhibition of plate­
let aggregation and of the blood coagulation cascade 
that is enhanced by a high calcium/magnesium ratio, 
directly, and is mediated by endothelial-derived fac­
tors that are favorably affected by increased levels of 
magnesium.67 

Providing magnesium promptly after development 
of signs and symptoms of AMI and before initiation 
of other therapies should maximize the protective 
effects ofmagnesium. Adverse effects that might in­
crease morbidity and mortality might be minimized 
by excluding patients with conduction blocks from 
magnesium study groups and by not exceeding the 
24-hour optimal dosage of magnesium infusions, 
which might be 50 to 65 mmol/24 hr, but which re­
quires further study. 

WHAT HAVE WE LEARNED FROM THE CLiNICAL 
STUDIES OF MAGNESIUM TREATMENT OF AMI? 

Prompt initiation of magnesium infusion, either 
before or at the same time as thrombolytic agents, is 
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necessary to achieve benefit. The favorable findings 
of the small trials and of LIMIT-2 indicated that 
magnesium is a safe, simple, inexpensive treatment 
for AMI. 24-28 The negative findings of the ISIS-4 
mega-trial, in which magnesium was provided late, 
do not negate the protective effects of magnesium 
shown in the studies in which magnesium was given 
without delay. It is notjustifiable to conclude, largely 
from statistical analysis of pooled findings from 
studies with dissimilar protocols, that there are no 
longer grounds for use ofmagnesium in treating pa­
tients with AMl,32, 33 In the ISIS-4 discussion,32 the 
benefit shown in LIMIT-2 that is considered conven­
tionally significant (2p = 0.04) was deemed uncer­
tain. 

As Antman pointed out in an editoria135 and at this 
symposium,68 drawing broad clinical conclusions 
from a statistical analysis in which the database is 
derived from studies with different protocols can lead 
to fallacious conclusions. In arecent criticism of 
mega-trials that have unrestrictive protocols, lim­
ited data collection, effective randomization, and in­
tention-to-treat analysis of deaths (a design adopted 
to increase statistical power maximally), WoOdS69 
commented that such studies tend to generate effect 
estimates that are near null compared with those of 
conventional trials or meta-analysis. He observed 
that mechanism of action of the test substance, dose 
dependence, and time dependence must be taken 
into account to increase the true treatment effect to 
a maxImum. 

We have seen that there is a window for intrave­
nous magnesium therapy in patients with AMI 
above which toxicity can develop. Why, then, was the 
amount ofmagnesium (73 mmol/24 hr) infused over 
24 ho urs in the LIMIT -2 study not associated with 
adverse effects, whereas the 24-hour dosage ofmag­
nesium (80 mmol/24 hr) in the ISIS-4 study resulted 
in adverse findings (supra vide)? It is possible that 
the LIMIT-2 patients who received the relatively 
high magnesium dosage had suboptimal myocardial 
magnesium levels because they lived in Leicester, 
where the water is soft and the magnesium content 
is low,7°' 71 and that this might have played a role in 
their tolerance of high magnesium dosage. It is 
plausible that, although magnesium deficiency has 
been shown to increase the size ofthe infarct result­
ing from coronary occlusion,59-61 vulnerability to ad­
verse effects of hypermagnesemia might be less in 
patients in whom magnesium deficiency is preva­
lento It is possible that patients with low magnesium 
stores might use the elevated serum magnesium 
levels to correct the deficiency. Even though the hard 
water in England tends to be richer in calcium than 
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in magnesium, myocardial magnesium levels were 
higher in London, where the water is hard, than they 
were in Glasgow, where the water is soft. 71 It is 
noteworthy that investigators in Poland and En­
gland, countries reported to have soft water andlor 
low soil magnesium contents,72 did not report side 
effects from the high dosage magnesium in their 
portion of the 1818-4 study.73 

WHAT ADDITIONAL STUDIES ARE NEEDED? 

Multi-institution studies of the effects of magne­
sium infusions in patients with AMI who are at high 
risk (the elderly andlor those unsuitable for throm­
bolytic therapy) and in others with AMI before or 
with fibrinolysis should be undertaken. The magne­
sium infusion should be initiated immediately after 
admission to the hospital. 8uch a study is to be un­
dertaken in the near future in the United 8tates with 
the support of the National Institutes of Health 
(E. M. Antman, personal communication). These 
studies should (1) determine the optimal 24-hour 
dose, based on the amounts found efficacious and 
safe in the small studies (possibly 50 to 65 mmoV24 
hr); (2) determine if the use of nitrates, with the 
aforementioned suggested lower doses of magne­
sium, will increase the risk ofhypotension; (3) deter­
mine serum magnesium concentrations before and 
after magnesium infusions; and (4) sustain magne­
sium infusion at a lower dosage than that used in the 
first 24 hours to determine if antiarrhythmic effects 
will be demonstrable. In the secondary prevention 
phase, it should be ascertained if provision of a suit­
able oral magnesium preparation with and without 
an antioxidant will reduce occurrence ofnew events. 
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The concept of repertusion-induced injury has aroused 
special interest during the past decade as thrombolysis and 
direct angioplasty were introduced for early restoration of 
coronary blood flow in patients with acute myocardial 
infarction. There is experimental and clinical evidence that 
oxygen-derived free radicals (oxyradical hypothesis), acti­
vation of the complement system (complement hypothesis), 
and disturbance in calcium homeostasis (calcium hypothe­
sis) may account for the development of repertusion injury. 
Data from numerous animal experiments and clinical trials 
suggest that magnesium, a physiologic calcium blocker, 
may be efficacious for reduction of repertusion injury. 
Despite encouraging results from previous clinical trials that 
revealed beneficial effects of intravenous magnesium ther­
apy with respect to mortality, lett ventricular function, and 
infarct size, a recently published large-scale trial (ISIS-4) 
provided conflicting data and caused major controversy. 
Further clinical trials, well-designed and carefully con­
ducted, should elucidate the beneficial effects of magne­
sium in acute myocardial infarction, especially in conjunc­
tion with new and aggressive repertusion techniques. (Am 
Heart J 1996;132:478-82.) 

In patients with evidence of acute myocardial infarc­
tion (AM!), rapid restoration of coronary blood flow 
by means of pharmacologic or mechanical therapy 
strategies has been weIl established during the past 
decade. I-3 Several clinical trials have demonstrated 
a significant decrease in infarct size and mortality in 
patients treated with thrombolytic agents4-10 or pri­
mary angioplastyll-14 compared with patients who 
received conventional therapy.15 

Cardiac reperfusion within a critical period is es­
sential for survival of the ischemic myocardium. 
However, early reperfusion may induce myocardial 
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stunning.16, 17 arrhythmias,18, 19 or even lethai cell 
injury.20 The concept of reperfusion injury in AMI 
has gained a remarkable degree of attention. The 
complications of reperfusion in AMI with use of 
thrombolysis and primary angioplasty have been 
explored and the mechanisms considered.21 

PATHOMECHANISMS OF REPERFUSION INJURV 

Oxyradical hypothesis. Experimental and clinical 
evidence indicates that oxygen-derived free radicals 
are important contributors to reperfusion injury. 22,23 
Early studies by Hearse et al. 24 provided compelling 
evidence that introduction of molecular oxygen to 
previously ischemic myocardium results in an abrupt 
increase ofirreversible tissue injury, a phenomenon 
referred as "oxygen paradox." More recently, direct 
evidence of free radical formation during occlusionl 
reperfusion has been obtained in vivo in a canine 
model with use of electron paramagnetic resonance 
spectroscopy.25 Experimental studies wi th use of ca­
nine reperfusion models suggest that lethai reperfu­
sion injury is caused by oxygen radicals generated on 
restoration ofblood flow and that reperfusion injury 
can be attenuated by administration ofthe scaveng­
ing agents superoxide dismutase and catalase at the 
time of reflow.26,27 In conscious dogs, however, 
administration of superoxide dismutase and cata­
lase after 3 ho urs of occlusion failed to alter infarct 
size compared with placebo.28 

The clinical relevance of reperfusion injury in hu­
mans with acute ischemic syndromes remains un­
clear.29 Evidence of free radical activity has been 
documented during myocardial reperfusion in the 
setting of primary angioplasty for AMI. 30 However, 
administration of superoxide dismutase as adjunc­
tive therapy with thrombolytic agents31 and the use 
of antioxidants and oxygen radical scavengers for the 
treatment of presumed reperfusion injury after an­
gioplasty32 have not yet been realized in the therapy 
of patients with AMI. 
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Complement hypothesis. Experimental studies sug­
gest that activation of the complement system con­
tributes to reperfusion-induced myocardial injury. 
Ischemia-induced activation ofthe complement sys­
tem damages the myocardium by direct or indirect 
mechanisms, that is, generation of anaphylatoxins 
and formation of the terminal C5b-9 membrane at­
tack complex (MAC)33 and chemotaxis of neutro­
phils,34,35 which, once activated, attach to the vas­
cular endothelium within the early postischemic 
interval and infiltrate the ischemic myocardium.36 

Experimental studies have demonstrated that 
monoclonal anti-MAC-1 antibodies prevent the in­
teraction between neutrophils and pulmonary alve­
olar epithelial cells37 and the accumulation of neu­
trophils within the ischemic myocardial tissue, thus 
reducing the extent of reperfusion injury.38 In iso­
lated rabbit heart, application of the soluble recom­
binant complement receptor type 1, a single chain, 
membrane-bound glycoprotein that inhibits comple­
ment activation,39 offered significant protection from 
cytolysis.4o In humans, however, the concept of com­
plement deactivation or inhibition of complement­
mediated effects on neutrophils has not been realized 
thus far in the therapy of patients with AMI. 

Calcium hypothesis. In addition to oxidative stress 
and complement-mediated damage, disturbance of 
calcium homeostasis seems to playa pivotal role in 
the pathogenesis ofmyocardial stunning.41, 42 Tran­
sie nt calcium overload, excitation-contraction un­
coupling, and/or decreased myofibrillar sensitivity to 
calcium may cause myocardial dysfunction in 
stunned myocardium. In a stunned rat heart model, 
measurement ofincreased intracellular calcium con­
centration provided experimental evidence that 
failure of activator calcium may alter excitation­
contraction coupling in postischemic myocardium 
dysfunction.43 Perfusion of stunned myocardium 
with low calcium perfusate improves left ventricular 
function and reperfusion recovery,44 whereas expo­
sure of ischemic myocardium to high extracellular 
calcium levels results in contractile dysfunction and 
depletion of adenosine triphosphate (ATP).45 Du Toit 
and Opie46 have shown that application of organic 
and inorganic calcium antagonists at the onset of 
re perfusion in isolated heart attenuates reperfusion 
stunning. Their findings thus support the hypothe­
sis that the development of myocardial mechanical 
stunning can be related to cytosolic calcium overload 
at the onset of reperfusion and that modulation of 
calcium transport through the sarcoplasmatic retic­
ulum by magnesium, an inorganic calcium antago­
nist, has protective effects on the ischemic myocar­
dium.46 
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MAGNESIUM IN ISCHEMIC HEART DISEASE 

Magnesium and catecholamines in coronary artery 
disease. Coronary artery disease, which is expressed 
clinically by reduced coronary blood flow followed by 
myocardial ischemia, hypoxemia, and myocardial 
dysfunction, is accompanied by increased concentra­
tions of serum catecholamines. The increase in the 
catecholamine concentration is related to the sever­
ity of coronary artery disease and/or to the reduced 
performance of the left ventricle. The activation of 
the sympathetic nervous system has to be considered 
as a compensatory mechanism to increase the perfu­
sion pressure to vital organs and to enhance myo­
cardial contractility.47 

Increased catecholamine output, however, re­
quires increased magnesium supply to maintain in­
tracellular, energy-bound metabolic processes. 
Therefore magnesium requirements are increased 
during physical and psychological stress, which is 
particularly evident in patients with AMI. A pro­
gressive decrease in myocardial magnesium occurs 
under the influence of adrenergic overstimulation. 
Because stress and magnesium requirements/defi­
ciency are mutually enhancing, a vicious circle may 
develop whereby the catecholamines cause move­
ment of magnesium from the intra- to extracellular 
compartment.47 Consequently, the electric mem­
brane becomes unstable and membrane permeabil­
ity increases, followed by a further cellular loss of 
magnesium and potassium. The catecholamine-in­
duced loss of myocardial magnesium is associated 
with the uptake of calcium that precedes cardiac 
damage by calcium accumulation.48, 49 

Cardiovascular effects of magnesium. Cardiovascu­
lar effects of magnesium include vasodilation of pe­
ripheral vessels, thus enhancing perfusion of myo­
cardium by reduction of afterload, 50 reduction of 
coronary artery tone,51, 52 and reduction of the like­
lihood of cardiac arrhythmias by membrane-stabi­
lizing effects.53, 54 Extracellular magnesium deple­
tion leads to a disturbance of the transmembrane 
potassium gradient and membrane depolarization 
because of an elevation of extracellular potassium55 
and increased membrane fluidity.56 As a conse­
quence, a variety of electrophysiologic changes can 
occur depending on the severity of magnesium defi­
ciency.56 

Hypomagnesemia is often associated with arterio­
sclerosis, cardiomyopathy, congestive heart failure , 
arrhythmias, and AMI.57, 58 Acute and chronic de­
pletion in extracellular magnesium has been shown 
to be harmful to the myocardium in the setting of 
acute myocardial ischemia.59 In epidemiologic 
studies, serum magnesium depletion has been ob-
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served in patients with AMI,60 and a relationship 
between a diet low in magnesium and mortality has 
been established in patients with coronary artery 
disease. 61 

In summary, beneficial cardiovascular effects of 
magnesium therapy in ischemic heart disease may 
be attributed to reduction of systemic and pulmonary 
vascular resistance with a concomitant decrease in 
blood pressure and a slight increase in cardiac index. 
In AMI, reduction ofinfarct size by increased extra­
cellular magnesium may be explained by the follow­
ing mechanisms: (1) Reduction oftoxic calcium over­
load in myocardial mitochondria62 and conservation 
ofintracellular ATP as Mg_ATp63; (2) improved cor­
onary blood flow by coronary vasodilation51; (3) 
reduction of the incidence of arrhythmias64; and (4) 
reduction of catecholamine secretion in the myocar­
dium.47 

Effects of magnesium on reperfusion injury in AMI. 
Magnesium is a physiologic calcium blocker that 
modulates the transmembrane shift of the calcium 
ion and the transport of calcium across sarcoplasmic 
reticulum.65-68 Because calcium overload is impor­
tant in the pathogenesis of reperfusion inj ury , the 
channel-blocking properties of magnesium may have 
important beneficial effects in high-risk patients, 
such as those with AMI.69 Many clinical trials have 
been performed to evaluate the effects ofmagnesium 
in patients with AMI.62, 70-78 Meta-analyses of ran­
domized trials indicate that intravenous magnesium 
significantly improves short-term (30-day) survival 
compared with control subjects and has beneficial 
effects on left ventricular function, infarct size, and 
arrhythmias.79, 80 

More recently, the second Leicester Intravenous 
Magnesium Intervention Trial (LIMIT _2),77 in which 
2316 patients with suspected AMI were given either 
intravenous magnesium or placebo, showed a signif­
icant reduction of mortality in the group of patients 
who received intravenous magnesium therapy. This 
finding, however, was not confirmed by the recently 
published 1818-4 trial. 78 In a total of 58,050 patients 
with suspected AMI, no definite beneficial effect of 
intravenous magnesium on the mortality rate could 
be demonstrated after AMI. The discrepancy in the 
results ofthese two trials has mainly been attributed 
to the different timing of intravenous magnesium 
administration.81,82 Patients in the LIMIT-2 trial 
were randomized a median of 3 hours from the onset 
of chest pain, whereas patients in the 1818-4 trial 
were randomized a median of 8 hours after the onset 
of symptoms. 

Because of conflicting data from randomized mag­
nesium trials, the issue of routine administration of 
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magnesium in patients with AMI is still controver­
sial. The beneficial effects ofmagnesium on myocar­
dial ischemia and, in particular, cardiac reperfusion 
injury as demonstrated in numerous experimental 
and clinical studies needs to be evaluated further in 
well-designed prospective trials. Moreover, because 
compelling evidence from experimental works sug­
gests that magnesium should be given before or in 
the early phase of reperfusion to achieve the protec­
tive effect, the best time to administer magnesium to 
patients undergoing reperfusion should be examined 
in clinical settings. 

FUTURE DIRECTIONS 

Magnesium therapy in patients with AMI undergoing 
direct angioplasty. At many institutions, direct percu­
taneous transluminal coronary angioplasty is estab­
lished as the primary therapy for patients with 
AMP The ability of direct angioplasty to reestablish 
early, rapid, and complete coronary blood flow has 
advantages with regard to infarct artery patency, 
ventricular function, and clinical outcome compared 
with thrombolytic therapy. However, the beneficial 
effects of acute revascularization are jeopardized by 
reperfusion injury ofthe ischemic myocardial tissue, 
which is supplied by the infarct-related coronary ar­
tery. We therefore designed a placebo-controlled, 
randomized trial in which subjects were patients 
with AMI undergoing direct angioplasty to evaluate 
whether early administration of intravenous mag­
nesium aspartate according to a modified magne­
sium dosage as used in the LIMIT-2 trial (8 mmol 
given as bolus followed by 92 mmol over 48 hours) 
will improve myocardial salvage, reduce infarct size, 
and prevent reperfusion injury compared with pla­
cebo. 

Magnesium therapy and coronary sinus intervention 
in AMI. Pressure-controlled intermittent coronary si­
nus occlusion (PIC80) represents a renewed tech­
nology to reduce myocardial damage in patients with 
AMI. The idea of retrograde access to the coronary 
capillary system in the setting of coronary artery oc­
clusion is based on early experimental studies by 
Pratt83 that demonstrated that cardiac function can 
be maintained for hours by coronary venous blood 
supply. 8everal studies provided further evidence 
that PIC80 reduces myocardial damage in experi­
mental ischemia84, 85 and preserves myocardial via­
bili ty in the clinical setting of coronary bypass 
surgery.86 

With intermittent occlusion of the coronary sinus 
by use of a balloon-tipped coronary sinus catheter 
connected to an electronic pump device, redistribu­
tion of coronary venous blood is achieved by changes 
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in the pressure gradients throughout the eoronary 
venous system. The effectiveness of PICSO appears 
to be attributable in part to residual substrate and 
oxygen in the eoronary venous blood that is sponta­
neously foreed into the isehemie mieroeireulation 
zone (redistribution phase). In addition, PICSO re­
establishes flow eurrents that promote washout of 
aeeumulated toxie wastes in the isehemie area (wash­
out phase). In a eohort of patients undergoing eoro­
nary sinus intervention, early applieation of intra­
venous magnesium aspartate is intended to study 
the effects ofmagnesium therapy on reperfusion in­
jury and to evaluate the benefieial effeets of magne­
sium aspartate on myoeardial salvage and infaret 
size in addition to PICSO. 
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The rationale of magnesium as alternative therapy for 
patients with acute myocardial infarction without 
thrombolytic therapy 
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Only one third of hospitalized patients with acute myocardial 
infarction receive thrombolytic therapy despite its proven 
benefits on outcomes. Elderly patients, for example, have a 
greater risk of death after myocardial infarction, but studies 
demonstrate that thrombolytic therapy is less likely to be 
used in older patients. Intravenous magnesium supplemen­
tation, both theoretically and experimentally, has been dem­
onstrated to decrease myocardial damage and reduce the 
mortality rate in subsets ot patients, including the elderly 
and/or patients not suitable tor thrombolysis, it it is admin­
istered betore reperfusion occurs. The aim ot this study is 
to review the rationale ot magnesium supplementation as 
alternative therapy for patients with acute myocardial in­
tarction without thrombolytic therapy. (Am Heart J 1996; 
132:483-6.) 

In humans, early reperfusion induced by throm­
bolytic therapy is associated with limitation of in­
farct size, preservation of ventricular function, and 
an improved survival rate. 1 The in-hospital mortal­
ity rate from acute myocardial infarction (AMI) has 
been reduced to 6% to 8% since the advent ofthrom­
bolytic treatment;2 however, only 15% to 22% ofpa­
tients with AMI in the United States3, 4 and 35% in 
Israel5 receive thrombolytic therapy. Approximately 
two thirds of patients with AMI do not receive 
thrombolytic agents for a variety ofreasons. The in­
hospital mortality rate of these patients is high (in 
the range of 14% to 20%), especially for elderly 
patients.5 

The risk of death after AMI increases with ad­
vancing age,6, 7 from 3% among persons younger 
than 65 years to 14.2% in persons who are 65 to 74 
years old and 29.2% in those who are age 75 years or 
older. Although the number of elderly patients who 
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experience AMI is growing and age per se is no longer 
a contraindication to thrombolysis, studies have 
shown that thrombolytic therapy is far less likely to 
be used to treat older patients with AMI.8 

During the past decade efforts have been made 
both to find an alternative therapy for patients who 
cannot use thrombolytic agents such as aspirin, hep­
arin, and ß-blockers and to determine the potential 
of adjuvant pharmacologic measures such as ni­
trates, angiotensin-converting enzyme inhibitors, 
and, lately, magnesium for reducing mortality rates 
further. 

POTENTIAL CARDIOPROTECTIVE MECHANISMS OF 
MAGNESIUM 

The available data suggest that a combination of 
mechanisms may act additively or even synergisti­
cally to protect myocytes.9 Magnesium is a calcium 
blocker and protects the myocytes against calcium 
overload. 10 Hypomagnesemia increases coronary and 
systemic vasoconstriction and increases afterload. ll 
Soon after the onset ofmyocardial ischemia, an infu­
sion ofmagnesium limits the progression ofischemia 
to infarction and reduces arrhythmias in the exper­
imental setting of epinephrine-induced cardiotoxici­
ty.12 The role magnesium plays in lipid regulation is 
interesting, although not yet weIl understood. Some 
laboratory and clinical trials have demonstrated that 
magnesium can reduce total and low-density lipo­
protein (LDL) cholesterol and increase high-density 
lipoprotein (HDL) cholesterol.13 

Some experimental evidence exists regarding hy­
percoagulability and increased platelet aggregation 
during hypomagnesemia, which contribute to throm­
bus formation. 14 Magnesium is inversely related to 
platelet aggregation and adenosine triphosphate 
release.15 Depending on the dose, magnesium can 
inhibit a wide variety of agonists of platelet aggrega­
tion, such as thromboxane A2, and stimulate prosta­
cyclin synthesis.16 

483 



484 Shechter et al. 

Table I. Randomized trials ofintravenously administered 
magnesium in patients with acute myocardial infarction 

Mortality: 
Np.of Overall 

patients (%) mortality 
No. of rate 

Source / year patients Mg P (%) 

Morton et al.,21 1984 76 1 (3) 2 (5) 4 
Rasmussen et al.,22 130 4 (7) 14 (19) 14 

1986 
Smith et al.,24 1986 185 2 (2) 7 (8) 5 
Abraham et al.,25 94 1 (2) 1 (2) 2 

1987 
Ceremuzynski et al.,26 48 1 (4) 3 (13) 8 

1989 
Shechter et al.,27 1990 115 1 (2) 9 (17) 9 
Feldstedt et al.,29 298 10 (7) 8 (5) 6 

1991 
LIMIT-2,3o 1992 2316 90 (8) 118 (10) 9 
Shechter et al.,33 1995 194 4 (4) 17 (17) 11 
Thogersen et al., 34 252 4 (3) 8 (7) 5 

1995 
TOTAL 3708 118 (6)* 187 (10)* 8 

Mg, Magnesium; P, placebo. 
*p < 0.001. 

Decreased magnesium supply seems to potentiate 
catecholamine-induced myocardial necrosis in rats. 12 
In addition, magnesium deficiency might adversely 
influence the healing and reendothelialization of 
vascular injuries and the healing of myocardial 
infarction and might also result in delayed or inad­
equate angiogenesis, effects potentially leading to 
inadequate collateral development and infarct ex­
pansion. 17 Magnesium reduces vulnerability to oxy­
gen-derived free radicals, reperfusion injury,18 and 
stunning of the myocardium.19-21 

CLiNICAL TRIALS OF MAGNESIUM JN AMI 

During the past decade at least 10 prospective, 
randomized, double-blind, controlled trials have been 
reported comparing intravenous magnesium supple­
mentation to placebo in patients with AMI who for 
the most part did not receive thrombolytic thera­
py22-35 (Table I). Morton et al.,22 whose study was 
published in 1984, were the pioneers; they were the 
first to show not only that magnesium reduced the 
in-hospital mortality rate in patients with AMI but 
that magnesium could reduce the infarct size by 20% 
in patients dassified as being in Killip dass I. 

The first seven trials22-30 incorporated only small 
numbers ofpatients in each trial and were performed 
in the prethrombolytic era. In the eighth trial, the 
Second Leicester Intravenous Magnesium Interven­
tion Trial (LIMIT-2), which induded 2316 patients, 
70% did not receive thrombolytic therapy.31 The 
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LIMIT-2 trial was designed to test the hypothesis 
that doubling serum magnesium concentration 
would reduce the mortality rate in patients with 
AMI. The patients (65% with definite AMI) were 
randomized a median of 3 hours from the onset of 
chest pain (74% were actually randomized in less 
than 6 hours). Baseline characteristics of the mag­
nesium and placebo groups were well matched. 
Thirty-six percent received thrombolytic therapy; 
however, the magnesium bolus was given before the 
lytic treatment and the magnesium was then infused 
coincidently with thrombolysis. Thus patients in the 
LIMIT-2 trial who underwent thrombolysis were 
likely to have achieved an elevated magnesium level 
at the time of reperfusion. The relatively early 
enrollment of patients not receiving thrombolysis 
combined with prompt administration ofmagnesium 
after enrollment also makes it likely that magne­
sium levels were elevated when spontaneous reper­
fusion occurred in patients not undergoing pharma­
cologic reperfusion. 

All-cause mortalitywas reduced by 24% at 28 days 
(from 10.3% in patients who received placebo to 7.8% 
in patients who received magnesium). Indirect evi­
dence that is consistent with a limitation of infarct 
size as a mechanism by which magnesium reduced 
mortality in LIMIT-2 is the 25% lower rate of left 
ventricular failure observed during the hospital 
phase oftreatment and a 21 % reduction in mortality 
from ischemic heart diseaseduring a mean long­
term follow-up33 of 2.7 years (range, 1 to 5.5 years). 
The mortality odds ratio of these trials for patients 
who did not receive thrombolysis demonstrated that 
magnesium reduced the in-hospital mortality rate by 
almost 19%, mainly by reducing the incidence of se­
rious arrhythmias and left ventricular heart failure 
by 25%.32 

In a prospective, double-blind, and placebo-con­
trolled trial, our group34 recently randomly assigned 
194 patients with AMI who were considered unsuit­
able for thrombolytic therapy at the time of enroll­
ment (late arrival >6 hours, age >70 years, and com­
monly accepted contraindications to thrombolysis) to 
receive intravenous magnesium (96 patients) or iso­
tonic glucose as placebo (98 patients). One third of 
the study population (77 patients) were over the age 
of70 years: 330fthese patients received magnesium 
and 44 received placebo. 

The patients received 22 gm (92 mmol) of magne­
sium sulfate dissolved in a half liter of isotonic glu­
cose during the first 48 hours or a halfliter of isotonic 
glucose as placebo. This infusion rate was adjusted 
so that 6 gm (25 mmol) of magnesium sulfate was 
administered during the first 3 hours; 10 gm (42 
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mmol) was then administered during the next 21 
hours and 6 gm (25 mmol) was administered during 
the last 24 hours. The placebo group received equiv­
alent volumes of isotonic glucose. 

The two groups had a similar prevalence of risk 
factors and received the same conventional therapy 
in the coronary care unit. The average time from on­
set of chest pain to initiation of treatment (7 hours) 
was similar for the two groups; this was an average 
of 5 hours earlier than the comparable subgroup in 
the Fourth International 8tudy of Infaret 8urvival 
(1818-4).36 

The use of magnesium reduced the incidence of 
arrhythmias, congestiveheartfailure (CHF), and con­
duction disturbances compared with placebo (27% vs 
40%,p = 0.04; 18%vs 23%,p = 0.27; and 10%vs 15%, 
p = 0.21, respectively). The in-hospital mortalityrate 
was significantly reduced in patients who received 
magnesium sulfate compared with those who re­
ceived placebo (4% vs 17%; p < 0.01). 

The outcome of the subgroup of 77 patients over 
the age of 70 years was quite similar, with a reduc­
tion in the incidence of arrhythmias and CHF in pa­
tients who were given magnesium compared with 
those given placebo. A striking finding in this high­
risk older age group that comprised 38% ofthe study 
population was a reduction in the in-hospital mor­
tality rate ofpatients who received magnesium com­
pared with those who received placebo (9% vs 23%; 
p = 0.09). 

Cardiogenic shock was the main cause of death in 
patients who received placebo (11 of 17); only one 
patient who received magnesium died of cardiogenic 
shock (1 of 4). Left ventricular ejection fraction, 
which was measured in 91 consecutive study pa­
tients at 72 hours and 1 to 2 months after admission 
to the hospital, was higher in patients who received 
magnesium than in those who received placebo (49% 
vs 43% and 52% vs 45%; p = 0.01, respeetively). 

The situation became unexpectedly disappointing 
with the publication of the 1818-4 data.36 In this 
mega-trial of approximately 58,000 patients with 
suspected or definite AMI, almost 70% of patients 
received thrombolytic therapy. The mortality rate by 
35 days was 7.6% in the magnesium group and 7.2% 
in the placebo group, suggesting no mortality bene­
fit of magnesium administration and even a slight 
possibility of harm. The survival curves were also 
identical after 1 year offollow-up. For the 17,000 pa­
tients in 1818-4 trial who did not receive thrombolytic 
therapy, the mortality rate was 9.3% in the both the 
magnesium and the control groups. The dose of 
magnesium was almost identical to that in the LIM­
IT-2 trial, but with open control. However, the time 
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from the onset of symptoms to randomization was 
substantially longer (a median of8 hours rather than 
3 hours). The 30% of patients not given a throm­
bolytic were randomized a median of 12 hours after 
the onset ofsymptoms. The likelihood ofreperfusion 
(either induced or spontaneous) occurring during 
magnesium treatment was therefore low. The lack of 
therapeutic effect ofmagnesium when given as in the 
1818-4 trial is in full accord with the results of exper­
imental models. In animal models the beneficial ef­
feets of magnesium have generally been greater 
when it is administered before reperfusion.37, 38 

Experimental models and clinical trials show 
smaller or even no benefit the later magnesium is 
given after reperfusion.38 In the 1818-4 trial the late 
administration of magnesium might have had the 
possibility ofinfarct extension as a result ofhypoten­
sion, which was more pronounced in this trial (in pa­
tients who received magnesium compared with pla­
cebo) than in the LIMIT-2 triaP9 

CONCLUSION 

Magnesium supplementation, both theoretically 
and experimentally, has been demonstrated to de­
crease myocardial damage and reduce the mortality 
rate in subsets of high-risk patients, including the 
elderly and/or patients not suitable for thrombolysis, 
ifit is administered before reperfusion occurs. Mag­
nesium supplementation is inexpensive, easy to ad­
minister, and relatively free from side effeets. It ap­
pears to be important to administer intravenous 
magnesium as soon as possible in patients with AMI 
so that levels are elevated when spontaneous reper­
fusion occurs in patients who do not receive throm­
bolysis. Additional trials are needed to determine the 
benefits of early administration of magnesium, the 
optimal dose, and subgroups of patients in whom 
magnesium supplementation may be especially help­
ful, such as patients receiving diuretics or digoxin, 
patients with CHF, patients unsuitable for immedi­
ate revascularization (either by thrombolysis or me­
chanical means), and elderly patients. 
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Magnesium in acute myocardial infarction: Overview of 
avai lable evidence 

Elliott M. Antman, MD Boston, Mass. 

Despite improvements in the outcome of patients with acute 
myocardial infarction (MI) during the past three decades, 
room for improvement exists in elderly patients and in 
patients who are not candidates for thrombolysis. Animal 
models suggest that magnesium supplementation before 
repertusion reduces infarct size. Statistical analysis of the 
randomized trials of magnesium in MI reveals a gradient of 
response. When h igher risk patients were enrolled, a greater 
benefit of magnesium was observed; progressively smaller 
benefits of magnesium occurred as the control group mor­
tality approached 7%, at wh ich point no benefit was de­
tected. Although the ISIS-4 study enrolled more than 58,000 
patients, no reduction in mortality was seen, probably as a 
result of a low control group mortality and relatively late ad­
ministration of the magnesium. Because the potential ben­
efit of magnesium in MI remains an open question, additional 
trials are needed before this inexpensive and easily admin­
istered therapy is prematurely cast aside. (Am Heart J 1996; 
132 :487-94.) 

During the past three decades we have witnessed 
dramatic improvements in the outcome of patients 
with acute myocardial infarction (MI).I, 2 These im­
provements may be attributed to advances in the 
general coronary care unit environment, more wide­
spread use of ß-blockers and aspirin, and aggressive 
attempts at reperfusion by pharmacologic and inter­
ventional catheterization methods. However, room 
for improvement exists, particularly in elderly pa­
tients and in patients who are not candidates for 
thrombolysis, for whom mortality rates of 12.5% to 
25% still occur.3-5 Attention has now turned to eval­
uation of adjunctive pharmacologic options such as 
magnesium, nitrates, and angiotensin-converting 
inhibitors to determine their potential for reducing 
mortality and morbidity further. 

Supplemental administration of magnesium is a 
logical therapeutic avenue for investigation. 6, 7 Mag­
nesium inhibits calcium entry into vascular smooth 
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muscle cells and produces vasorelaxation.8,9 In ad­
dition, it reduces the release of calcium from and ac­
celerates sequestration of calcium into the sarcoplas­
mic reticulum. There is considerable interest in the 
fact that magnesium protects ischemic myocytes 
from calcium overload, especially at the time of rep­
erfusion.1°-18 The potential for reducing reperfusion 
injury and myocardial stunning19 is especially im­
portant, because few pharmacologic options cur­
rently exist to attack this problem. Magnesium also 
maintains ionic balance across cell membranes and 
therefore acts as an antiarrhythmic agent. 

Magnesium is particularly attractive from a health 
care economic perspective because it is readily avail­
able in all hospitals, easily administered, familiar to 
physicians, and inexpensive. In addition, no special 
expertise is required for magnesium to be used prop­
erly. When the correct dose is used, there is little risk 
of toxicity. 

SCIENTIFIC RATIONALE 

Patients who are at risk for MI may have a 
deficiency in total body magnesium because of a 
combination offactors, including dietary inadequacy, 
disease- and treatment-induced loss, increased age, 
and prior stressful conditions that may precipitate 
magnesium 10ss.20-22 Experimental models have 
shown that animals with a preexisting magnesium 
deficiency have a larger area of necrosis when the 
infarct-related coronary artery becomes occluded.1° 
Pain and anxiety that occur with the onset ofinfarc­
tion promote release of catecholamines, which in­
duce a sharp rise in free fatty acid levels. A vailable 
free intracellular and extracellular magnesium lev­
els then fall as magnesium ions are trapped in soaps 
that are formed. 23 The sequence of cellular events 
that occurs after coronary occlusion, with particular 
emphasis on the role of magnesium, has been sum­
marized previously. Myocardial energy production 
and contractility fall precipitously.24 With the devel­
opment ofincreased sarcolemmal permeability, cal­
cium uptake by the ischemic myocyte increases and 
magnesium is lost from the myocyte. 25 Loss of mag-
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Fig. 1. Impact of timing of administration of magnesium on infarct size reduction. Top of figure: Results 
of animal models1S demonstrating that magnesium infusions (black arrows) before coronary occlusion, 
during occlusion, and at the onset ofreperfusion (black vertical bar) result in a decrease in infarct size by 
up to 50%. The ability of magnesium infusions to decrease infarct size diminishes rapidly the later they 
are given after reperfusion; no benefit is seen if magnesium is given 1 hour after re perfusion. Bottom of 
figure: The estimated timing ofinitiation of supplemental magnesium infusions relative to the state ofpa­
tency ofthe infarct-related artery in clinical trials ofmagnesium for myocardial infarction. As discussed 
in the text, the timing of administration of magnesium in the 1818-4 study may have been too late for the 
drug to exhibit any beneficial effect. 

nesium further disrupts energy production, control 
of ionic gradients across the sarcolemma, and mito­
chondrial integrity. The propensity to arrhythmia 
increases, and irreversible changes develop as mito­
chondrial structural abnormalities and calcium in­
flux intensify.26. 27 

Although restoration of blood flow in the infarct­
related artery is critical for minimizing necrosis and 
salvaging myocardium, it comes at the cost ofpossi­
ble reperfusion injury.28, 29 The features of reperfu­
sion injury include the death of cells that were still 
viable at the onset ofreperfusion, the no-reflow phe­
nomen on and loss of vasodilatory reserve, myocar­
dial stunning, and arrhythmias. Experimental and 
clinical investigations have shown that administra­
tion of pharmacologic doses of magnesium improves 
myocardial energy production, inhibits calcium cel­
lular overload, stabilizes injured cell membranes, 
diminishes free-radical induced damage, inhibits in­
tracoronary thrombosis, promotes both coronary and 

systemic vasodilation, and minimizes the develop­
ment of sinus tachycardia.30-33 

The importance oftiming oftreatments for modu­
lation of reperfusion injury with restoration of flow 
was evaluated in Opie's laboratory with use of a 
Langendorfmodel of20 minutes ofischemia followed 
by reperfusion.32 Inhibition of calcium influx by ad­
ministration of magnesium at the time of reperfusion 
minimized myocardial dysfunction, as evidenced by 
a near complete recovery of baseline cardiac output 
compared with only 75% recovery in control animals. 
Inhibition of calcium influx 1 hour after reperfusion 
was ineffective at preventing reperfusion injury. 

Infarct size is reduced when magnesium is admin­
istered before coronary occlusion, during the period 
of coronary occlusion, and no later than 45 minutes 
after reperfusion in several animal models ofMI (Fig. 
1).18 These observations suggest that the time win­
dow for administration of magnesium is relatively 
short (probably less than 1 hour) in patients under-
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going pharmacologic or catheter-induced reperfu­
sion. For patients not receiving reperfusion therapy, 
the window for exhibiting the beneficial effects of 
magnesium is determined by the time course of 
spontaneous reperfusion. Angiographic studies have 
documented spontaneous reperfusion within 12 
hours in at least one third of patients with MI who 
do not receive thrombolytics, but cycles of spontane­
ous reperfusion and reocclusion may occur in a much 
larger proportion of patients.34, 35 

Although hypothetical arguments against the use 
of magnesium have been raised36 (e.g., suppression 
of release catecholamines from the adrenal gland 
and compromise of myocardial contractility), such 
arguments are outweighed by experimental models 
demonstrating reduced infarct size and clinical re­
ports of reduction of the mortality rate when magne­
sium is administered during MI. However, careful 
selection of the patient and dose are critical for the 
appropriate use ofmagnesium. Boluses delivered too 
rapidly may provoke hypotension and coronary hy­
poperfusion, especially in patients receiving other 
vasodilators.37,38 

STATISTICAL CRITIQUE OF AVAILABLE TRIAL 
RESULTS 

It has been argued that the previous randomized 
control trials ofmagnesium in patients with MI pre­
sented a false picture of the benefits of magnesium 
because of publication bias; as a result only positive 
trials appeared in the literature and were compiled 
in a meta-analysis.39, 40 Furthermore, it has been 
postulated that published reports were of studies 
with inadequate sam pIe sizes and that they included 
too few events to yield a robust estimate ofthe effect 
of magnesium on mortality.41 

Before accepting these arguments, we should ex­
plore several important issues that may be critical in 
interpreting the results of the Fourth International 
8tudy ofInfarct 8urvival (1818-4) with respect to the 
previous trials. 

8everal statistical models exist for pooling data 
from the randomized controlled trials of intrave­
nously administered magnesium that have been 
published to date. The fixed effects model operates 
under the assumption that the clinical trials are 
sampled from a homogeneous group oftrials and that 
the only difference between the estimates ofthe true 
treatment effect among the trials was experimental 
error (within-trial variability). The random effects 
model, on the other hand, assurnes that the clinical 
trials may be heterogeneous (because of such factors 
as different patient populations, protocol differences, 
and variations in concomitant therapies).42 Accord-
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ing to the random effects model, differences between 
the estimates ofthe treatment effect among the var­
ious trials result from both within-trial variability 
and between-trial variability. Typically, the confi­
dence interval around the pooled estimate of the 
treatment effect is wider with the random effects 
model compared with the fixed effects model because 
it accounts for between-trial variability. 

If minimal heterogeneity is present among the tri­
als being pooled, the fixed effects and random effects 
models will yield similar findings. However, because 
heterogeneity may exist in collections of clinical tri­
als, most authorities favor the random effects model 
for analysis and hypothesis testing.43 When hetero­
geneity is substantial, differences can emerge be­
tween conclusions from the two models, causing 
some investigators to doubt whether pooling should 
even be attempted. Techniques such as meta-regres­
sion that regress a measure of the treatment effect 
(e.g., odds ratio ofmortality in the treatment versus 
control groups) on covariates hypothesized to be re­
sponsible for the heterogeneity (e.g., control group 
event rate) have been proposed for synthesizing data 
from seemingly heterogeneous trials (Fig. 2).44-46 

The estimated odds ratio (OR) for mortality ofpa­
tients treated with magnesium in meta-analyses of 
the seven clinical trials of intravenously adminis­
tered magnesium for patients with MI published be­
tween 1984 and 1991 was 0.44 (0.27 to 0.71) by the 
fixed effects model and 0.45 (0.23 to 0.86) by the ran­
dom effects mode1.47 The 8econd Leicester Intrave­
nous Magnesium Intervention Trial (LIMIT-2), re­
ported in 1992, showed a significant 24% reduction 
in mortality with magnesium. 48 Of note, the LIMIT-2 
trial reported a 25% reduction in congestive heart 
failure in the hospital and a 20% reduction in long­
term mortality (mean follow-up, 4.5 years).34, 49 

In collaboration with investigators at the Harvard 
8chool ofPublic Health and the Department of 8ta­
tistics of Harvard University, a meta-regression 
analysis of all ofthe available trials through LIMIT-2 
was performed, as shown in Fig. 2.45-47 The regres­
sion analysis included the following steps: 

1. The control group mortality rate and odds ratio 
for mortality were extracted from the randomized 
control trials that reported follow-up beyond 24 
hours. 

2. Because the log of the odds ratio is a symmetric 
quantity with a well-described variance, we fitted 
a linear regression model relating the log of the 
odds ratio of each randomized control trial to its 
control mortality. A random effects model was 
used that incorporated the weighting terms for 
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Fig. 2. Relationship of mortality rate in the control group and observed treatment effect of magnesium 
in randomized trials. Top panel: Data from the randomized trials that reported short-term mortality rates 
in the magnesium and control groups are arranged in descending order of control group mortality rates. 
On the left (squares) is plotted the absolute difference in mortality rates (RISK DIFF) between the mag­
nesium (MAG) and control (CaNT) groups along with the 95% confidence interval around the risk differ­
ence. Trials with a higher control group mortality rate showed a greater beneficial treatment effect of 
magnesium. Bottom panel: Random effects regression model relating the control group mortality rate and 
the odds ratio (O.R.) for mortality (magnesium:control). The curvilinear relationship suggests that a trial 
with a control group mortality of 7% is unlikely to show a benefit ofmagnesium (*ISIS-4), whereas a trial 
with a high mortality rate in the control group is more likely to show a benefit of magnesium (*Shechter 
et al. 1995). (From Antman EM, Seelig MS, Fleischmann K, Lau J, Kuntz K, Berkey CS, McIntosh MW. 
Magnesium in acute myocardial infarction: scientific, statistical, and economic rationale for its use. Car­
diovasc Drugs Ther 1996 [in pressl.) 

within-trial varianee and among-trial varianee 
when estimating the slope ofthe regression line.45 

3. To illustrate the findings ofthe regression analysis 
in a more clinieally meaningful graphie format, the 
results were plotted as the odds ratio rather than 
the log of the odds ratio versus eontrol mortality. 
This produees a eurvilinear relationship. 

4. Finally, beeause eontrol mortality is inherently re­
lated to the ealeulation of the odds ratio and beeause 
measurement error ean produee a negative slope 
when none truly exists, detailed sensitivity testing 
of the model was undertaken. This included a 
replaeement ofthe eontrol group mortality with the 
average trial mortality by eombining both the eon­
trol and treated groups. 

In addition, a Bayesian analysis was performed 
to estimate the posterior distribution of the regres­
sion slopes on the basis of priors from the varianees 
from eaeh of the randomized eontrol trials.46 These 
sensitivity tests eonfirmed that the negative slope 
relating the treatment effect of magnesium and the 
eontrol group mortality was a eonsistent observation 
with only minor ehanges in the exact position ofthe re­
gression line. 

The results of our meta-regression analysis (whieh 
was performed before results ofthe 1818-4 trial were 
known) indieate a progressive deerease in the esti­
mated treatment effect of magnesium as the eontrol 
group mortality rate declines (Fig. 2). The eurvilin­
ear relationship erosses the line of an OR = 1.0 at a 
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Table I. Mortality results in the 1818-4 study: Main results and subgroup analyses 

35-day mortality (%) 

Group N Magnesium 

All patients 58,050 7.64 
Randomized <6 hr from ehest pain 23,323 7.9 
No lytie 17,325 9.3 

Randomized <12 hr = 9000 10.3 
"Hi risk"* 5020 20.0 

Data from ISIS-4 Collaborative Group. Lancet 1995;345:669-85. 
*Details not provided in final ISIS-4 report. 

control group mortality rate of about 7%. Thus a 
clinical trial with a control group mortality rate of7% 
would be anticipated to show a null effect of magne­
sium on the mortality rate in patients with MI. 

The findings of the clinical trials synthesized in the 
analysis previously described are internally consis­
tent with the animal models of MI. With the excep­
tion ofthe LIMIT-2 trial, none ofthe previous trials 
used thrombolytic therapy as part of the treatment 
strategy for management of patients with MI. In 
general, however, these trials administered magne­
sium in a time frame before it would be anticipated 
that the majority of patients would have undergone 
spontaneous reperfusion (Fig. 1). For example, one of 
the earliest clinical trials that showed a benefit of 
magnesium in the prethrombolytic era was coordi­
nated by Rasmussen et apo in Copenhagen. This 
trial was conducted at a hospital supported by a 
highly efficient ambulance service capable of trans­
porting patients to the hospital within 15 minutes of 
a call for emergency aS,sistance. Although Rasmus­
sen et al. did not re cord the actual time from the on­
set of chest discomfort to enrollment in their trial, 
they retrospectively analyzed the average time from 
chest discomfort to presentation in patients who had 
suspected acute myocardial infarction in their hos­
pital during the same years that the trial was being 
conducted (H. Rasmussen, personal communication, 
1995). Because they estimate that the average time 
from the onset of chest discomfort to presentation 
was 2 hours and 50 minutes and they enrolled 
patients in the trial less than 3 hours after admis­
sion, it might be concluded that the majority of pa­
tients in the study still had an occluded coronary ar­
tery at the time magnesium was administered. Thus 
it would be expected that magnesium levels were al­
ready elevated when spontaneous reperfusion oc­
curred (Fig. 1). 

As described in a written report of the LIMIT-2 
trial49 and reiterated in subsequent presentations 
and written communications (K. Woods, personal 
communication, 1996), the study drug (magnesium 

Time to randomization Time to administration 
Control (hr) (median) of magnesium (hr) 

7.24 8 ? 
7.6 ? ? 
9.3 12 ? 

10.5 7 ? 
18.3 <6 ? 

Table 11. Comparison of trials: LIM1T-248 and 1818-451 

LlMIT-2 ISIS-4 

Total No. randomized patients 2316 58,050 
Entry window (hr) 24 24 
Chest pain- randomization 3 3 

(hr, median) 
Proportion treated with 36% 70% 

thrombolytie 
Proportion t reated with 66% 94% 

ASA 
Mortality (28-35 days)* 

Control 10.3% 7.24% 
Magnesium 7.8% 7.64% 

"The mortality rate in the ISIS-4 control group is lower than the mortality 
rate in the LIMIT-2 magnesium group. This was probably a result of the 
greater u se of mortality-reducing therapies such as thrombolytics and as­
pirin. The lower mortality rate in the ISIS-4 study may have limited the 
ability to discern any beneficial eITect ofmagnesium (see Fig. 2 and text for 
further discussion). 

or placebo) was started as soon as the patient with 
suspected MI reached the coronary care unit. When 
thrombolytic treatment was introduced as part of 
routine care, it was the policy in this single-center 
study to initiate thrombolysis after the patient 
reached the coronary care unit. The thrombolytic 
agent was therefore started either slightly after or at 
the same time as the start ofthe trial treatment (Fig. 
1). Because of the design of the LIMIT-2 trial, it is 
therefore likely that the serum magnesium level was 
elevated before thrombolytic-induced reperfusion oc­
curred. 

The situation became unexpectedly complicated 
with the presentation of the results of the 1818-4 
study. A total of 58,050 patients were enrolled in this 
study.51 The results indicated that magnesium ad­
ministration had no beneficial effect on the mortal­
ity rate and even suggested a slight possibility of 
harm (odds ratio, 1.06; 95% confidence interval, 0.99 
to 1.13). No subset ofpatients could be identified for 
whom treatment with magnesium was beneficial 
(Table D. The findings ofthe 1818-4 study surprised 
many experienced physicians, and as a result, mag-
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Table 111. "Timing" of magnesium and 35-day mortality: 
I8I8-451 

ehest pain-randomization 
(hr) 
0-3 
4-6 
7-12 

13-24 
Lytic-treated patients 

ehest pain-lytic (hr) 
Lytic-magnesium (hr) 

Nonlytic-treated patients 
ehest pain-magnesium 

(hr) 

Patients 
(%) 

18 
22 
38 
32 

? 
? 

? 

35-day mortality 

Magnesium 
(%) 

7.2 
8.5 
8.2 
6.8 

? 
? 

? 

Control 
(%) 

7.4 
7.6 
7.7 
6.5 

? 
? 

Data from 1S1S-4 Collaborative Group. Laneet 1995;345:669-85. 
1mporta nt time intervals such as the time from onset of ehest pain to 
thrombolysis and the interval between start ofthrombolysis and start ofthe 
magnesium treatment were not eolleeted in the 1S1S-4 study and therefore 
are not available in the final report. See text for further diseussion. 

nesium treatment protocols were abandoned by 
several coronary care units that had only recently 
instituted the protocols. Some authorities cited the 
findings of the ISIS-4 study as evidence that meta­
analyses may be misleading, and they advocated 
reliance on adequately sized randomized trials for 
assessing the effectiveness of interventions. 52 

Why might the ISIS-4 study have shown a null ef­
feet for magnesium? As noted in Table Ir, although 
both the ISIS-4 and LIMIT-2 studies had an entry 
window of up to 24 hours, the median time from chest 
pain to randomization was 5 ho urs earlier in LIM­
IT-2 (74% within 6 hours compared with 40% in 
ISIS-4). Nearly twice as many patients received 
thrombolytics in the ISIS- 4 study, but, importantly, 
the ISIS-4 protocol required that thrombolytics be 
given before study drugs (captopril, isosorbide mono­
nitrate, and magnesium), which were to be started 
within the first ho ur after initiation ofthrombolysis. 
Therefore in the ISIS-4 study magnesium was ad­
ministered by design after reperfusion therapy was 
initiated in patients who received thrombolytics. 
Furthermore, because the median time to random­
ization was 12 hours in patients who did not receive 
thrombolytics in the ISIS-4 study, it is likely that 
spontaneous reperfusion had already taken place in 
many patients before the plasma magnesium level 
was elevated. Thus patients in the ISIS 4 study may 
have received magnesium beyond the time window 
for prevention of reperfusion injury (Fig. 1). 

The exaet timing of the administration of study 
drugs in the ISIS-4 study is unknown because this 
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information was not collected on the case re cord 
form. U se ofthe time interval from the onset of chest 
pain to randomization is an inadequate surrogate, 
given the experimental data suggesting a critical 
time window for administration ofmagnesium ifit is 
to exhibit beneficial effeets. To answer concerns 
about the timing of administration of magnesium in 
the ISIS-4 study, the investigators condueted a ret­
rospeetive survey of 1000 randomly selected pa­
tients. 51 However, the details ofthis survey have not 
been presented, and it is therefore difficult to deter­
mine how truly representative this small sampIe was 
of the general trial experience. The random sam pIe 
represents only 1. 7% ofthe total number of patients 
enrolled in the trial. Because patients were random­
ized by 1086 hospitals in the ISIS-4 trial,51 a cohort 
of 1000 patients therefore represents an average of 
less than one patient per participating hospital. 
Furthermore, it is not clear how many queries were 
originally sent out requesting information from the 
medical record about the timing of administration of 
magnesium to obtain the final sampIe of 1000 pa­
tients (i.e., what was the proportion of originally 
sampled patients for whom documentation of the 
timing ofthe start ofmagnesium was not available?). 
In addition, the final ISIS-4 report does not provide 
data on the aetual time from onset of chest pain to 
initiation of thrombolytic therapy in the trial as a 
whole (Table Ir!) or in the retrospective random 
sampIe of 1000 patients. Even when allowing for the 
aforementioned deficiencies, the available informa­
tion in the ISIS-4 report is consistent with the sup­
position that magnesium was administered late af­
ter reperfusion; among the patients in the random 
sampIe who received both thrombolytics and mag­
nesium, only 50% received the magnesium within 2 
hours after the start ofthe thrombolytic. Because the 
protocol stated that "Study treatment was generally 
to be started immediately after the early lytic phase 
(i.e., the first hour or so) of any fibrinolytic regi­
men,"51 the random sampIe oflOOO patients suggests 
that there was more than a 50% rate of protocol vi­
olation in the ISIS-4 study. Thus the lack of any 
benefit ofmagnesium in the fuH co hort or any subset 
of ISIS-4 patients may weH have been the result of 
failure to prevent reperfusion injury by late admin­
istration of the drug. 

The null effeet of magnesium in the ISIS-4 study 
(a 35-day mortality rate of7.24% and 7.64% for con­
trol subjeets and subjeets who received magnesium, 
respeetively) is also not surprising given the infor­
mation presented in Fig. 2. Coupled with the late 
administration of magnesium (probably several 
hours after reperfusion in the majority of patients) 
























